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ABSTRACT 
This thesis describes the photolysis of para-substituted 
styrene polymers. Poly(vinylacetophenone), poly(p-bromostyrene), 
poly(p-chlorostyrene), poly(p-fluorostyrene), poly(p-isopropylstyrene), 
poly(p-methoxystyrene), and poly(p-tert-butylstyrene) films have been 
irradiated with short-wave ultraviolet radiation (wavelengths less 
than 300nm) under high vacuum at 25°C. Poly(vinyl acetophenone) has 
also been irradiated with long-wave ultraviolet radiation (wavelengths 
greater than 300nm) under high vacuum at 25°C. 
During short-wave irradiation, the primary photochemical 
reactions are the result of absorption and transfer of energy by the 
phenyl segments to bonds in the main polymer chain and the para- 
substituent. The long-wave irradiation of poly(vinylacetophenone) 
involves the absorption and transfer of energy by the carbonyl function 
in the para-acetyl group to bonds in the para-substituent, a Norrish 
Type I reaction being observed. 
The nature and extent of the secondary photochemical 
reactions (i.e., crosslinking, chain scission, coloration and volatile 
product formation) are discussed in terms of electronic (inductive 
and conjugative) effects, bond dissociation energies and steric factors 
associated with the para-substituent. 
Changes in the macromolecular structure of the polymers 
have been investigated by infrared, ultraviolet-visible, fluorescence, 
and mass spectroscopy as well as changes in molecular weight and 
so1ubi1ity measurements. 
In all polymers, except for poly(p-chlorostyrene) and 
poly(vinylacetophenone) irradiated with long-wave radiation, hydrogen 
was the major reaction product. Its formation may be attributed to 
a-C-H bond fission in the main chain followed by recombination or 
abstraction. In addition, volatile products characteristic of partial 
or total para-substituent cleavage were also detected. 
The pronounced yellowing of the polymers during irradiation 
was observed to be concomitant with the release of hydrogen and has 
been attributed to the build-up of main chain conjugations. 
The possibility of diffusion controlled reactions was also 
investigated and found to be unimportant for the polymer films used 
in this study. 
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CHAPTER 1 
INTRODUCTION 
U Energy Absorption and Transfer - General Considerations 
The absorption of light by a molecule with the production 
of an excited electronic state is a necessary, but not sufficient, 
condition leading to a photochemical reaction.(1) Light absorbed 
by the system will generally lead to a transition from the electronic 
ground state,(usually singlet) to a higher energy state, as 
shown in figure l.l.(l) Once in an excited state the molecule has 
additional energy that can be dissipated either through photophysical 
processes or by undergoing a photochemical reaction (frequently dis- 
sociation to produce a pair of free radicals). Usually, the excited 
molecule will first undergo a rapid (approximately 10'^^ sec. (2)) 
decay to the lowest vibrational level of the excited state followed 
by a radiationless process (internal conversion) to a vibrational 
level of ^M^and further decay to a lower vibrational level of the ground 
state. Many of the photophysical processes that can occur to relieve 
the excited molecule of excess energy depend on the lifetime of the 
excited singlet, Mp (typically 10 to 10 sec. (2)). Energy may 
be lost through the radiative process of fluorescence as well as 
the radiationless process of intersystem crossing to yield the triplet 
2 
3 
state, Molecules in the triplet state are longer lived than 
excited singlet state molecules and, as a result, more time is 
available for transitions and chemical reactions to take place. 
Radiative transitions from the triplet to the ground singlet state 
are termed phosphorescence and may have lifetimes ranging from 
10“^ to 10 seconds.(2) 
The processes discussed so far are essentially unimole- 
cular processes but in addition, bimolecular photophysical processes 
are very important in systems where electronically excited states can 
exist.(1) One such process is the energy transfer between chromophores 
of the same species resulting in the formation of an excimer (i.e., 
interactions involving a transfer of energy between a chromophore in the 
state and a chromophore in the^M^ state of the same polymer molecule). 
An excimer is a distinct excited species having an energy level lower 
than the excited singlet state and can undergo a variety of photophysical 
processes including fluorescence, energy transfer and triplet formation.(1) 
An energy transfer between chromophores of different molecules may 
result in the formation of an excited complex called an exciplex (i.e., 
interactions involving a transfer of energy between a chromophore 
in the V-j state and a chromophore in the ^MQ state of a different 
molecule). Both excimers and exciplexes may also be formed through 
the mutual annihilation of two M-| molecules(l); 
3 
’M, ’M, ► D* ►X X (l 
where; D* represents the excimer 
or exciplex complex. 
it is important to note that in polymer systems the chromophores must 
be co-planar and, in a system such as polystyrene, they must be in 
a two-unit sequence (i.e., adjacent units) for intrachain excimer 
formation.(3) 
In addition to the photophysical processes discussed 
above, photochemical processes may arise from a molecule in an ex- 
cited electronic state. Energy can be made available for a photochemical 
reaction by a molecule in an upper excited electronic state, an 
1 3 excited singlet state, M-j, or an excited triplet state, M-j , as shown 
in figure 1.2. 
In general, photochemical processes can be divided into 
two categories depending upon the wavelength of incident radiation. 
Wavelengths in the 200nm to 300nm region are used in short-wave photo- 
lysis and wavelengths greater than 300nm (i.e., solar radiation received 
by the earth) are used in long-wave photolysis. The latter of the two 
studies are of significance to the actual outdoor weathering of many 
polymer systems. 
4 
1.2 The Ultraviolet Absorbance of Polystyrene 
The ultraviolet absorption spectrum of polystyrene, 
illustrated in figure 1.3, has a maximum absorption at 255nm and an 
absorption co-efficient, e', of 4000cm (4) due to the TT TT* 
transition of the benzene ring. The absorption co-efficient is 
derived from the Beer-Lambert relationship( 5) and combines the 
values of the extinction co-efficient and the concentration associated 
with solution spectra: 




where: A is the absorbance 
e is the extinction co-efficient 
c is the concentration 
£ is the pathlength 
t is the film thickness. 
1.3 Short-wave Photolysis of Polystyrene 
1.3.1 Primary Reactions 
1.3.1.1 Photophysical Processes  
Absorption of light by the phenyl segments first produces 
the excited singlet state which is transformed via intersystem crossing 
to yield both the triplet state and the excimer complex: 
5 
The fluorescence spectra of pure polystyrene consists 
of a single broad and structureless band due to the formation of ex- 
cimers( 6) (see figure 1.4). As previously noted, excimer formation 
results from an intramolecular transfer of energy between two adjacent 
phenyl segments on the same polymer chain. 
1.3.1.2 Photochemical Processes 
The principal manifestations of short-wave photolysis of 
polystyrene,in the absence of oxygen,are volatile product formation, 
chain scission and crosslinking. 
The vibrationally excited singlet may undergo reactions by 
fission of bonds adjacent to the phenyl group. In particular, four 
bonds can be involved; a-C-H, main chain C-C, C-phenyl and phenyl-H. 
It is energetically possible that all of these bonds can be broken (see 
6 
figure 1.5) provided that energy transfer to the particular bond 
occurs efficiently during the lifetime of the excited singlet. 
It is likely however, and has been suggested by Reinisch 
£t ^.( 7), that the majority of photochemical reactions of polystyrene 
originate from the triplet state. The energy of the triplet excited 
ring may be: 
i) used for dissociation of the phenyl-C bond: 
ii) transformed by intramolecular energy transfer processes 
to the C-H or C-C bonds on the main polymer chain, resulting 
in the fission of bonds: 
7 
Phenyl radicals are very reactive and have limited mobility 
in the polymer matrix (i.e., a very high macroscopic viscosity would 
impose a large cage effect). They could be expected, on escape from 
the cage, to abstract hydrogen from the a and e atoms in the backbone 
of the main polymer chain: 
(7) 
-CH-C- 
Fission of the C-C bond in the main chain will be subject 
to similar very large cage effects (i.e., chain scission will depend 
on diffusional separation of two large radicals in a high viscosity 
medium). The probability of escape from a cage can be related to D, 
the diffusion co-efficient which is given by: 
D = k-T 
3-v-h 
8 
where: k is the Boltzman constant 
n is the bulk viscosity 
3 is a constant 
V is the effective volume of the 
separating species. 
For low temperatures and high viscosity, the value of the 
diffusion co-efficient will be low and the separation of two large radicals 
(i.e., two main chain segments) will be highly unlikely. This is re- 
flected in the value of the quantum yield for chain scission in poly- 
_c 
styrene which has a value of 9 x 10 at 25°C.(8 ) In other words, the 
separation and subsequent recombination of smaller radicals is more 
probable in a high viscosity medium. Radicals that do not escape the 
cage may undergo recombination within the cage . Energy will be 
evolved as a result of the recombination and will depend on the nature 
of the chemical bond formed: 
('^1^'^OcAGE ► R-R2 * AH (9) 
AH = ED(R,-R2) (IO) 
where: Ep refers to the dissociation 
energy of the chemical bond. 
If some of the energy, AH, can be removed, a bond will be 
formed that will survive vibrations. If energy is not removed, the 
excited chemical bond will break on vibration. For carbon-carbon bonds. 
9 
it is possible that energy can be removed more easily since there 
are more vibrational degrees of freedom. 
On the basis of bond dissociation energies (shown in figure 
1.5) it can be predicted that in polystyrene the elimination of a- 
hydrogen and main chain scission are energetically preferred. This 
can be rationalized by considering the three types of C-H bonds and the 
C-C bond found in the molecule. The aromatic hydrogen, the secondary, 
the tertiary hydrogens and the main chain carbon-carbon bond have approx- 
imate dissociation energies of 104, 76, 71, and 70 kcal/mole respectively 
(see figure 1.5).( 9) Values for bond dissociation energies are not 
available for polymers, but are calculated using Benson's method.(lo) 
It is important to note that when cage effects are considered, separation 
of small hydrogen atoms become favoured at the expense of phenyl-C and 
C-C bond fission. There is however, the possibility that vibrationally 
excited species are involved, in which case the probability of bond 
scission cannot be assessed using this Arrhenius type of approach which 
pre-supposes purely thermal activation. 
1.3.2 Secondary Reactions 
Secondary reactions are the result of interactions of primary 
radicals with respect to additions to the phenyl ring, formation of 
10 
crosslinks, chain scission and the elimination of small molecules. 
1.3.2.1. Crosslinking 
Grassie and Weir(9) have reported that polystyrene becomes 
insoluble when irradiated under high vacuum with ultraviolet radiation. 
Insolubility can be directly related to the degree of crosslinking 
between different chain segments. This can be visualized by considering 
the recombination of two benzylic radicals; 
The nature of the crosslinked polymer depends upon the type of radical 
formed as well as the orientation (i.e., mobility) of the radical centre. 
For example, crosslinking can occur through phenyl segments if proper 
orientation between adjacent chains has been attained: 
11 
Furthermore, E.S.R. investigations of polystyrene following 
gamma radiolysis have confirmed the presence of cyclohexadienyl-type 
radicals, (14-1) , and benzylic radicals, [l4-2). (11*18) On the basis 
of these observations. Wall and Brown(19) have suggested another mechanism 
for crosslinking in which recombination between cyclohexadienyl and 
benzylic radicals yields a substituted cyclohexadienyl structure, (14-3): 
12 
This mechanism has also been suggested by Slovokhotova et a1.(20) 
following the Irradiation of polystyrene with high speed elections. 
1.3.2.2 Chain Scission 
Ranby and Rabek(21) have suggested that macroradicals may 
disproportionate giving rise to a scission process: 
13 
The radical formed by the scission, (15-1) , is unstable and isomerizes 
to yield an end of chain radical, ^15-2). Such a radical, resulting 
from an isomerization or hydrogen abstraction at a chain end, may lead 
to chain unzipping with the formation of monomer, 
It is important to note that for this type of reaction the activation 
energy is fairly high and is therefore, not important at low temperatures. 
1.3.2.3 Coloration 
During the vacuum photolysis of polystyrene with ultra- 
violet radiation, a yellow discoloration was observed. The apparent 
yellowing appears to be a surface phenomenon characteristic of changes 
that occur in the macromolecular structure during irradiation. The 
successive build-up of discolored layers has the net effect of reducing 
the intensity of incident radiation to the bulk of the polymer. In 
the opinion of Ranby and Rabek(21) the yellow coloration is due to the 
photoisomerization of benzene molecules present in the photodegraded 
14 
polymer or benzene rings in polystyrene to fulvene, (17-1) and 
benzvalene, [l7-2): 
Fulvene is relatively unstable and cannot be isolated unless a trapping 
procedure is used. Substituted fulvenes however, are relatively stable 
(as evinced by their cornnercial availability). It is possible that 
photoisomers and (l7-2) could be present in the degraded polymer 
if they remained attached to the main polymer chain (i.e., involved 
in crosslinks). 
Grassie and Weir(22) have attributed the discoloration in 
polystyrene to the build-up of conjugated bond sequences in the polymer 
backbone: 
15 
Infrared spectra of polystyrene films during photolysis have been 
observed to exhibit an increase in a shoulder at 825cm’^ on the band 
at 840cm~\ This increase in absorption has been attributed to the out- 
of-plane C-H vibrations characteristic of a trisubstituted ethylene 
system, (18-1) .(22) In addition to the increase in intensity of the 
825cm“^ shoulder, Slovokhotova ^^.(20) have observed a decrease in 
intensity of the band at 1376cm"^ attributed to a decrease in the 
number of C-H bonds in the main polymer chain. 
Ultraviolet spectra coupled with volatile product analysis 
have shown that the absorption In the 240nm region (attributed to the 
absorption by conjugated segments in the main polymer chain) increases 
concomitantly with the appearance of hydrogen.(22) 
16 
Collectively, experimental results strongly indicate the 
yellow discoloration to be associated with the build-up of main chain 
unsaturations. 
1.3.3.4 Volatile Products 
During the vacuum photolysis of polystyrene the only gaseous 
product observed was hydrogen.(22) The following reaction scheme has 





RH—^ R + H- *R 
(l9-2) 
Hi * unsaturation 
♦H- 
(l9-3) 
Hydrogen radicals are very mobile and can either diffuse out of the 
high viscosity medium and recombine with other hydrogen radicals 
(reaction (19-3) ) or abstract hydrogen from the main polymer chain 
(reactions and (l9-2) ), and hence provide a mechanism for 
coloration. The absence of benzene from volatile products reflects 
the limited mobility of phenyl radicals and their inability to 
diffuse out of a high viscosity medium, as suggested earlier. 
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1.4 Long-wave Photolysis 
Many polymers contain only C-C, C-H, C-0, C-N, and C-Cl 
bonds and are not therefore expected to absorb light of wavelengths 
greater than 190nm.(21) The fact that free radicals are formed after 
irradiation with wavelengths greater than 300nm indicates that some 
types of chromophores must be present in these polymers.(21) The 
chromophores are usually incorporated into the polymer during the 
polymerization process (i.e., impurities) and are largely responsible 
for the initiation of photooxidation (see figure 1.6). 
The ultraviolet absorbance spectra of polystyrene shows 
no absorbance at wavelengths greater than 300nm (i.e., no chromophores 
in the pure polymer). However, Lawrence(23) has observed a decrease 
in the number average molecular weight during the long-wave vacuum 
photolysis of polystyrene. 
Lawrence and Weir(24) have suggested that residual peroxide 
groups (resulting from the incorporation of oxygen during the polymeri- 
zation process) are the 'weak links' in the main polymer chain and 
contribute to the initiation of photooxidation by photolysis to 
alkoxy radicals which may abstract hydrogen atoms resulting in alkyl 
radicals, and ultimately, in the presence of oxygen, hydroperoxides(25) 
(see figure 1.6). The peroxide bond has a dissociation energy of 
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36 kca1/mole(26) and a broad absorbance with a maximum around 313nm(2) 
due to an n ir* transition. Iodine scavenger experiments performed 
on polystyrene in an oxygen-free benzene solution have indicated that 
the active wavelength of absorption was 313nm and that no iodine in- 
corporation (i.e., peroxide cleavage) occurred even after long periods 
of exposure to radiation of wavelengths greater than 300nm from which 
the 308nm to 320nm band had been removed with a potassuim biphthalate 
filter.(24) 
It has been suggested that end-of-chain phenyl alkyl ketones, 
resulting from in-chain peroxide cleavage, are the initiating centres 
for photooxidation.(25,27) 6eorge(28) has observed that polystyrene, 
prepared either thermally or by free radical initiation, exhibits a 
phosphorescence spectrum that has, in part, been attributed to phenyl 
alkyl ketones on the ends of polymer chains. It has been observed 
that prolonged exposure (i.e., greater than 150 hrs.) of polystyrene 
under high vacuum to a mercury tungsten phosphor lamp significantly 
lowers the carbonyl emission intensity.(27) Subsequent irradiation in 
the presence of oxygen of this previously photolyzed sample results in 
a lower rate of photooxidation than the original polymer indicating 
that phenyl alkyl ketones are important in the initiation of photooxi- 
dation. (27) 
Ranby and Rabek(29) have suggested that polystyrene may 
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form a charge transfer complex (C.T.C.) with molecular oxygen. This 
complex, after excitation,, would produce singlet oxygen by an intra- 
molecular energy transfer process: 
Singlet oxygen may then react with polystyrene to form a hydroperoxide, 






However, there is no direct evidence that singlet oxygen is formed 
from a charge transfer complex of the type suggested above.(30) It 
would appear more likely that the charge transfer complex is involved 
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in the initiation step (i.e., formation of hydroperoxides directly 
from the break-down of the charge transfer complex) and that any 
singlet oxygen formed from such a complex will be relatively unimportant 
in the initiation of photpoxidation. 
There are however, situations in other polymer systems 
which could lead to the formation of singlet oxygen. In particular, 
polycyclic aromatic hydrocarbons in polluted air are readily absorbed 
by polymer systems(31,32) and can be easily excited to singlet and 
triplet states to produce singlet oxygen by col 1ision(33,34): 
RHo Ho (22) 
Some of these compounds when added to polyethylene affect the photo- 
degradation of the polymer by sensitizing the abstraction of allylic 
hydrogen in unsaturated groups incorporated as an 'improper' bond.(35,36) 
Polycyclic hydrocarbons are also important in the sensitized photooxida- 
tion of poly(methyl methacrylate), presumably involving singlet 
oxygen.(37,38) 
Polymers containing carbonyl groups, either as part of 
their structure or formed by various uncontrolled reactions during 
processing or synthesis, undergo degradation when exposed to light of 
wavelengths greater than 300nm. Ranby and Rabek(21) have observed 
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that carbonyl groups, when exposed in the region of 270nm to 
330nm are easily excited to singlet and triplet states which could 
initiate a number of photochemical reactions: 
Qp=0] ^ =  I S.C. ^^QP=:QJI* 
Of particular importance is the formation of singlet oxygen by 
collision with the excited triplet. Singlet oxygen may then react 
with atoms allylic to any unsaturations present in the main polymer 
chain to produce hydroperoxides and initiate photooxidation. 
Photochemical reactions characteristic of carbonyl groups 
have been classified as Norrish reactions of Types I, II, and 111(21) 
i) A Norrish Type I reaction involves cleavage (homolytic) of the 






R* ♦ CO 
ii) A Norrish Type II reaction is a non-radical intramolecular 
process involving the formation of a six membered cyclic intermediate 
and abstraction of a hydrogen from the y-carbon to yield an olefin. 
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alcohol or aldehyde: 
O 
'I / . RjCHCRjCRjCR 
ill) A Norrish Type III reaction is a non-radical intramolecular 
process involving the transfer of a hydrogen atom from the 3-carbon 
followed by cleavage of the carbon-carbon bond adjacent to the carbonyl 
to yield an aldehyde and an olefin: 
H 
O CR, O 
II I h, II / R—C-CH  ► R-C-H + CR2=CHR' 
k' 
1.5 Substituted Styrene Polymers 
1.5.1 Primary Processes  
Introducing substituents into the phenyl ring of polystyrene 
may have drastic effects on the ease of radical formation as well as 
the stability of radicals thus formed. 
The vacuum photolysis of poly(p-methylstyrene), PPMS, 
and poly(p-tert-buty1styrene), PPTB, have been studied by Wei r(39) 






. V (25) 
CR,=CR, 
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reactions characteristic of polystyrene (i.e., crosslinking, yellow 
discoloration, and the formation of volatile products). 
The energy requirements for carbon-hydrogen and carbon- 
carbon bond fission in PPMS are not known, but calculated values using 
Benson's method indicate; a-C-H, 80 kcal/mole; C-H of the p-methyl 
group, 84 kcal/mole and C-CH^, 88 kcal/mole.(39) Benzylic radical 
formation in PPMS, as in polystyrene, requires the least amount of 
energy. The formation of a benzylic radical has been reported(40) to be 
energetically preferred in PPTB requiring an approximate 85 kcal/mole 
compared to 91 kcal/mole needed for the formation of tertiary butyl 
radicals. 
A low temperature study on the nature of radical centres 
formed in PPMS during ultraviolet irradiation has been reported by 
Chernova ^al.(41), Specifically, alkylbenzyl radicals formed by 
removal of a proton from the methyl group on the ring were identified 
during the photolysis. Paramagnetic centres characteristic of radicals 
localized on the main chain by elimination of hydrogen were not ob- 
served however, and it was suggested that the free electrons of the 
radicals formed on the main chain of PPMS may be delocalized in the 
phenyl ring: 
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Similar delocalizations may be rationalized for PPTB (see 28 ). 
It is important to note that the investigation of the 
paramagnetic centres in PPMS was performed at 77 K and it is doubtful 




1.5.2 Secondary Processes 
Charlesby(42) has developed a relationship which is ap- 
plicable to simultaneous chain scission and crosslinking of a polymer 
having an initial random molecular weight distribution: 
S + = a/3 + 1/b-P -V 
0 
where: S is the weight fraction of the 
soluble portion of the polymer 
after receiving a radiation 
dose V 
P is the initial number average 
^ degree of polymerization 
a refers to the probability of 
chain scission 
3 refers to the probability of 
crosslinking. 
Using the modified Chariesby relationship (in which V has been replaced 
by lo't; the intensity of radiation for a time t), a plot of S + S ^ 
versus t"^ yields an intercept of value a/3. Values of a/3 for poly- 








For polystyrene, the value obtained indicates that crosslinking is 
approximately twice as likely as chain scission. However, values 
obtained for PPMS and PPTB indicate that the degree of crosslinking 
is very dependent on the nature and configuration of the para- 
substituent, presumably being able to participate in the crosslinking. 
The vacuum photolysis of PPMS results in the production of 
significant amounts of hydrogen as well as small amounts of methane, 
ethane and traces of styrene, p-methylstyrene and toluene (i.e., residual 
solvent).(39) Nicholas(40) has observed traces of methane and ethane 
during the vacuum photolysis of PPTB. The nature of the volatile 
products indicates that radicals form on the main polymer chain as 
well as on the phenyl ring and the para-substituent. 
Both PPMS and PPTB discolor during vacuum irradiation (at- 
tributed to the build-up of main chain conjugated sequences).(39,40) 
1.5.3 Gamma Irradiation of Para-subsituted Styrene Polymers 
The degradation of a number of para-substituted polystyrenes 
on exposure to gamma radiation has been studied. In particular. 
Burl ant ^ al_. (43) have reported radiation-induced degradation for 
polystyrene, PPMS, poly(p-bromostyrene), poly(p-chlorostyrene), 
PPly(P”f^6tho?;ystyrene), poly(p-cyanostyrene), and poly(p*nitrostyrene). 
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The variation in electronegativity of the para-substituent has the 
effect to; i) alter the electronic environment about the main chain 
atoms and, ii) influence the effective delocalization of charge on the 
macroradical (i.e., resonance stability). For these para-substituted 
polymers, in every case except for poly(p-methoxystyrene), hydrogen 
was the only gaseous product evolved during the radiolysis. The 
nature of the volatile products from the radiolysis of a-deuterated 
para-substituted polystyrenes have indicated that the majority of 
hydrogen is liberated from the atoms on the backbone of the main polymer 
chain.(43) This result is consistent with the observations made 
during the gamma irradiation of deuterated polystyrene which established 
that the backbone atoms are the predominant source of hydrogen,(19) 
A reaction scheme has been proposed by Burlant ^^.(43) to account 
for the hydrogen produced during radiolysis: 
POLYMER 
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In addition to hydrogen, poly(meth^xystyrene) liberated methane 
which has been accounted for by the following reaction scheme(43): 
Halogens, halides, nitrogen oxides, and nitriles were absent from the 
volatile products following irradiation of the corresponding sub- 
stituted polymers, indicating that the bond between the para-sub- 
stituent and the phenyl ring is not cleaved and that the aromatic ring 
is not involved in crosslinking.(43) With the exception of the halo- 
polymers, all of the para-substituted polystyrenes studied by Burl ant 
et al^.(43) crosslinked to a lesser extent than polystyrene. This 
effect has been explained in terms of stability of the intermediate 
polymer radical formed during irradiation (i.e., delocalization of 
the unpaired electron on the a-carbon atom of the main chain by 
resonance interaction with the para-substituent would render it less 
available for coupling with a radical site on an adjacent chain).(43) 
The main chain radical may also initiate chain scission by diproportiona 
tion of the tertiary radical(43): 
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Both p-halostyrenes exhibited an unusually high sensitivity to cross- 
linking. A radical chain reaction initiated by gamma-induced 
cleavage of the aromatic C-halogen bond has been suggested to account 
for the observed behaviour(43): 
YH +  ^H2 ♦ Y 
Hj ♦ unsaturation ► saturation 
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Pravednikov and Mendelev(44) have reported that the gamma irradiation 
of poly(p-isopropylstyrene) also results in a high degree of cross- 
linking. They have suggested that radicals formed on the para- 
substituent by hydrogen abstraction, recombine with radicals on 
adjacent chains to form crosslinks through the para-substituent. 
1.6 Aims of Present Work 
The results of gamma radiolysis of para-substituted styrene 
polymers shows clearly the importance of the group in the para- 
position. 
Nicholas(40) and Weir(39) have both suggested that the 
secondary reactions (with respect to chain scission, crosslinking and 
volatile product formation) are dependent on the electronic and steric 
factors associated with the para-substituent. 
However, to date no comprehensive study has been made on 
the influence of para-substituents on the ultraviolet degradation of 
para-substituted styrene polymers. 
The aim of the present work is to investigate the primary 
and secondary processes occurring during the ultraviolet irradiation 
of the para-substituted styrene polymers in (34) and attempt to make a 
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In order of the values of X given, the following abbrevia- 
tions have been assigned: poly(vinylacetophenone), PVAP; poly(p-bromo- 
styrene), PPBr; poTy(p-chlorostyrene), PPCl; pbTyCp-fTuorostyrene), PPF; 
poly(p-isopropylstyrene), PPIP; poly(p-methoxystyrene), PPMO, and 
poly(p-te2»t-butylstyrene), PPTB. 
With the exception of PVAP, the only chromophore present in 
the pure polymer is the phenyl ring. On irradiation with ultraviolet 
light a number of photochemical reactions are possible, the course of 
which may depend on the nature of the para-substituent. 
Elimination of hydrogen from the a-carbon atom of the main 
polymer chain is the most likely reaction to occur as a result of intra- 
molecular energy transfer processes. The energy required for a-C-H 
bond fission may vary from that in polystyrene depending upon the 
electronic characteristics of the para-substituent. Partial or total 
(-CHj-CH—)„ X = — 
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cleavage of the para^substltuent is also likely and is dependent on 
the efficiency of intramolecular energy transfer as well as the 
energy required for bond dissociation. 
Poly(vinyl acetophenone) has an additional chromophore 
in the para-substituent and can be expected to undergo photochemical 
reactions characteristic of carbonyl containing compounds. In addition 
to loss of hydrogen from the acetyl group, PVAP may undergo a Norrish 
Type I reaction resulting in partial or total cleavage of the para- 
substituent: 
CH3CHO 
Radicals formed either on the main chain, on the para-sub- 
stituent, or on the phenyl ring, can be expected to undergo reactions of 
chain scission and crosslinking. The nature and extent of the secondary 
reactions may be directly related to electronic and steric factors 
associated with the substituent in the para-position of the phenyl 
ring. 
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Figure 1.1 - Excited States and Photophysical Transitions in a 
'Typical' Organic Molecule (45): 
Radiative transitions are given by bold lines, 
radationless processes by dashed lines = 
I.C. - internal conversion 
I. S .C. - intersystem crossing 
Vertical dashed lines are vibrational relaxation 
processes. 
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Figure 1.2 - Excited States and Photophysical Transitions in a 
'Typical' Polymer System (7): 
Radiative transitions are given by bold lines, 
radiationless processes by dashed lines. 
D* represents the eximer. 
M* represents energy directly available for 
photochemical reactions. 
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Figure 1.3 - The U. V. Absorption Spectrum of Polystyrene Film (21); 
10-2 1 1 1  





Figure 1.4 - The Fluorescence Spectrum of Polystyrene Film (6): 
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Figure 1.5 - Energy Levels and Bond Dissociation Energies in 
Polystyrene (7): 
Eo values were calculated using Benson's method. 
Figure 1.6 - Initiation of Photooxidation: O2 Incorporated 
During Polymerization (27): 
hv Norrish Type I 
o 
II 
CH,-C -CH=CH Hydroperoxide 
CHAPTER 2 
MATERIALS, APPARATUS AND EXPERIMENTAL TECHNIQUES 
2.1 Polymers Supplied 
The following polymers were used as received from the 
Aldrich Chemical Company; poly(p-bromostyrene), poly(p-chlorostyrene), 
poly(p-isopropylstyrene), poly(p-methoxystyrene), and po1y(p-ferf- 
butylstyrene). 
2.2 Polymer Preparation 
2.2.1 Poly(vinylacetophenone) 
2.2.1.1 Materials 
Polystyrene (Lot 4b, M.Wt. 110,000, Mw/Mn less than 1.06 
and Lot Ic, M.Wt. 200,000, Mw/Mn less than 1.06) was obtained from the 
Pressure Chemical Company. Acetyl chloride (reagent grade) was obtained 
from the Baker Chemical Company, aluminum chloride (anhydrous) and 
carbon disulphide (reagent grade) from the Fisher Scientific Company. 
Chloroform (reagent grade) was supplied by Caledon Laboratories, 
hydrochloric acid from McArthur Industries and absolute ethanol from 
Consolidated Alcohols Limited. 
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2.2.1.2 Procedure 
The procedure as described by Braun, Cherdron and Kerr(47) 
was used with a few modifications. 
A 500ml three-necked flask equipped with a mechanical 
stirrer, reflux condenser and dropping funnel was charged with 100ml 
of carbon disulphide and 30gm of anhydrous aluminum chloride. After 
adding 15gm of freshly distilled acetyl chloride, a solution of 11.5gm 
of polystyrene in 150ml of carbon disulphide was added dropwise with 
stirring. The reaction mixture was then refluxed for hours. The 
reflux condenser was removed from the flask and replaced with a three- 
way connecting tube and a distillation condenser. After distilling 
off the carbon disulphide, the reaction was quenched by the addition 
of 300ml of cold 5% HCl. In order to insure complete destruction of 
aluminum chloride and removal of grosT impurities, the product was 
washed with two 300ml portions of 5% HCl followed by five 100ml portions 
of distilled water and finally, two lOOml portions of ethanol. 
The crude product was dissolved in chloroform and precipi- 
tated three times by dropwise addition of solution to a beaker contain- 
ing ethanol, equipped with a magnetic stirrer. Finally, the polymer 
was concentrated by filtering and dried in vacuo at 50®C. 
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2.2.1.3 Polymer Characterization 
Infrared Spectra: The spectrum of the product (see 
figure 3.1) showed the appearance of a strong peak at 1689cm'^ due 
to the C=0 stretching vibration of the acetyl group. A peak at 
830cm"^ confirmed the presence of a para-disubstituted benzene ring. 
Ultraviolet Spectra: One major peak was observed at 
257nm with an absorption co-efficient of 6900cm”^ attributed to the 
IT IT* transition of the benzene ring, (see figure 3.17) 
Estimated Molecular Weights: Of the two samples of 
poly(vinyl acetophenone) prepared, molecular weights were calculated 
on the assumption that the chains of the starting material remained 
intact during acetylation. In particular, with an initial molecular 
weight of 110,000 and a repeat unit, CgHg, of 104.08 a.m.u., 1056.88 
units will be contained in the starting material. The repeat unit for 
poly( vinyl acetophenone), C-|QH^QO, is 146,10 a.m.u. and assuming complete 
acetylation, the final molecular weight would be 154,410. Similarly, 
with an initial molecular weight of 200,000 and assuming complete 




P-vinylfluorostyrene (Aldrich Chemical Company) was 
purified by washing several times with dilute potassium hydroxide 
followed by washing with water and drying over anhydrous MgSO^ (BDH 
Chemicals). The monomer was then distilled under reduced pressure 
(27mm Hg), the fraction between 26 and 29°C being retained. The 
purified monomer was immediately isolated and stored at 8®C. 
2,2'-azobisisobutyronitrile, AIBN, (Aldrich Chemical 
Company) was recrystallized twice from a saturated solution of 
ethanol at 0°C. The crystals were filtered, vacuum dried and stored 
at 8°C. A solution containing 0.041 grams of purified AIBN in lOmls 
of ethanol was placed in a 125ml dilatometer which contained a ground 
glass joint for evacuation. Purified monomer was introduced into the 
dilatometer containing AIBN, the ethanol being removed by a flow of 
dry nitrogen. The reaction vessel was connected to a high vacuum 
apparatus (see figure 2.1) and the contents degassed three times by the 
alternate freezing and thawing technique. 
Polymerization was carried out under high vacuum (typically 
10~^mm Hg) in the presence of 0.05% AIBN at 78 ± 0.1°C for 15 hours. 
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The crude product was dissolved in chloroform and 
purified three times by dropwise addition to a beaker containing 
ethanol, equipped with a magnetic stirrer. The polymer was collected 
by filtering and dried under high vacuum. 
2.3 Molecular Weight Determination 
Dilute solution techniques were used to characterize the 
polymers with toluene at 25 and 30°C. Solutions were prepared in 
volumetric flasks and filtered through Hirsch funnels (porosity 10- 
15 microns) before use. A Cannon constant temperature bath (Cannon 
Instrument Corp.) and Cannon Ubbelohde dilution viscometers were employed. 
Molecular weights were calculated using a modified computer 
program (see appendix A) based on Huggins and Kraemer equations(48): 
^ = (n) + k'-{ti}2-C 
tn nr = {n} - 
~~U~ 
where: nsp is the specific viscosity 
nr is the relative viscosity 
{n> is the intrinsic viscosity 
k' and k" are viscometer constants 
C is the concentration of the 
solution. 
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It is important to note that since efflux times were 
sufficiently long, kinetic energy corrections were neglected in the 
calculations. 
The polymers studied had the characteristics shown in 
table 2.1. 
2.4 Film Preparation 
Polymers were irradiated in the form of thin films prepared 
by evaporating methylene chloride solutions of the polymer on quartz 
and potassium bromide plates. Films were subsequently stored under high 
vacuum for a minimum of 24 hours before irradiation. 
Films prepared in this manner were too thin to be measured 
by mechanical means (i.e., micrometer). As an alternative, the 
technique of interferometry was adopted to determine film thickness. 
In particular, aluminum was vacuum deposited onto the quartz plate 
containing the polymer film, a small portion of which was removed to 
provide a step between the surface of the film and the plate. Measure- 
ments (fringe line offset method) from an interferrogram observed with 
a Varian Interferometer (model 980-4000) were used to calculate film 
thickness. Generally, film thickness ranged from 2 to 15 ± 0.30 microns 
depending on the type of investigation sought during irradiation. 
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2.5 Photochemical Techniques 
Films prepared on quartz and potassium bromide plates were 
placed into vycor tubes (2.5cm in diameter and 10.5cm in length) sealed 
at one end, the other fitted with a ground joint. The transmission 
characteristics of the tubes are shown in figure 2.2. To ensure reprod- 
ucability of all spectral investigations during the course of irradia- 
tion, the plates were mounted in stainless steel holders (for infrared 
studies) or anchored into quartz cuvettes (for ultraviolet and fluores- 
cence observations). 
The vycor tubes containing the samples were attached to a 
high vacuum system (see figure 2.1) and degassed until a constant 
-5 pressure of 10 mm Hg was obtained. Pressures were monitored with an 
Edwards B6 Pi rani guage and an Edwards IG6B ion guage. 
Films were irradiated under high vacuum with the output of 
a high-pressure mercury lamp (Hanovia 654A10), the spectral distribution 
of which is shown in figure 2.3. The mercury lamp was fitted with a 
polished aluminum reflector (Hanovia 6531-02) and lamp to film distance 
was maintained at 8.5cm. The incident radiation intensity on the films 
2 was 1.8mW/cm (measured with an Ultraviolet Intensity Meter, Ultra- 
Violet Products Inc., model J-225). 
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An extremely simple but efficient enclosure was designed 
to irradiate thin polymer films with short and long-wave ultraviolet 
radiation for controlled time intervals. Shown in figure 2.4, the 
high-pressure mercury lamp, reflector and the quartz reaction tube were 
separated by a removable divider and enclosed in a light-tight stainless 
steel container. This allowed the output from the mercury lamp to 
stabilize for approximately 20 minutes (i.e., warm-up procedure) before 
exposure was made. 
Lamp temperature was continually monitored by means of a 
chromel-alumel thermocouple and microvoltmeter (Kiethley model 155). 
A fan, located at the rear of the enclosure was adjusted to maximize 
lamp output (measured with an Ultraviolet Intensity Meter, Ultra- 
violet Products Inc., model J-255) and maintain the temperature of the 
lamp envelope within manufacturers specifications. 
Prior to exposure for short-wave studies, a quartz beaker 
filled with double distilled water was fitted around the vycor sample 
tube. A stainless steel coil was placed in the beaker behind the 
quartz tube, through which thermostatically controlled water was continu- 
ally pumped to maintain a constant sample termperature of 26°C during 
irradiation. The same method of sample temperature control was used in 
the long-wave photolysis of poly(vinyl acetophenone) except a pyrex 
beaker was used to filter out radiation of wavelengths less than 295nm. 
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It has been reported that the absorption characteristics 
of polymer films can be represented by the Beer-Lambert relationship 
(see equations (2) and (3) ). The absorption co-efficients for the 
polymers studied have been determined from the slopes of absorption 
versus thickness plots (see figures 2.5 to 2.11) and are reported 
in table 2.2. 
2.6 Analytical Techniques 
2.6.1 Infrared Spectra 
Films of thickness 10 to 15 microns were prepared on potas- 
sium bromide plates and mounted in stainless steel holders. Infrared 
spectra were recorded immediately before and after irradiation using a 
Beckman IR12 spectrometer. Infrared spectra of the insoluble fraction, 
isolated afer prolonged exposure, were also recorded in the form of 
KBr discs (6-8% product by weight). For direct comparison, KBr discs 
were prepared and recorded from unexposed polymers (6-8% polymer by 
weight). 
2.6.2 Ultraviolet-Visible Spectra 
Films of thickness 3 to 6 microns were prepared on minature 
(0.7cm by 2.5cm) optically pure quartz plates. The plates were mounted 
inside conventional quartz cuvettes and secured by two stainless steel 
springs. Ultraviolet (200-300nm) and visible (300-700nm) spectra were 
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obtained immediately before and during irradiation using a Cary 14 
Spectrophotometer. 
2.6.3 Fluorescence Spectra 
Films of thickness 3 to 8 microns were prepared on mi nature 
(0.7cm by 2.5cm) optically pure quartz plates and mounted diagonally 
inside quartz fluorescence cells. Fluorescence spectra were recorded 
immediately before and after irradiation with a Perkin Elmer 204 
Fluorescence Spectrophotometer. 
2.6.4 Mass Spectra 
2.6.4.1 Apparatus 
A special system was constructed around a Micromass ,Q7 
Quadrupole Mass Spectrometer (VG-Micromass Limited) fitted with a photo- 
multiplier, to monitor volatile products produced during vacuum photo- 
lysis (see figure 2.12). In particular, two independent systems were 
employed, each isolated by a high vacuum stopcock. 
The gas inlet system consisted of an oil-vapour diffusion 
pump, D1, (Edwards, model EOl) backed by an Edwards ESI rotary pump. 
Adjoining glassware contained liquid nitrogen traps, LI and L2, isolation 
stopcocks and a ground joint, J1, to accept a modified quartz reaction 
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vessel. To maintain polymer films at 26°C during irradiation a 
quartz tube was fitted with a water jacket through which thermostatic- 
ally controlled distilled water was circulated. Pressures in the gas 
inlet system were monitored with an Edwards B6 Pirani guage, G1, and 
a IG6B ion guage, G2. The enclosure containing the ultraviolet lamp 
and fan was the same as that described earlier, lamp to film distance 
being 8.0cm. 
The mass spectrometer head, H, was rigidly mounted in an 
insulated enclosure fitted with heating elements. An Edwards mercury- 
vapour diffusion pump (model EM2), D2, fitted with a flap-valve, V, and 
a liquid nitrogen trap, L4, was backed with an Alcatel rotary pump (model 
2004). Pressures, typically 2 x 10"^mm Hg were monitored with an 
Edwards IG6G ion guage, G3. An electronic safety device was constructed 
to protect the mass spectrometer while in operation against a possible 
vacuum failure (i.e., power interruption and/or lack of cooling water 
for the diffusion pump). 
2.6.4.2 Procedure 
The mass spectrometer was operated with a photomultiplier 
voltage of 2.5 Kv. and filament current of 2 milliamperes (tungsten 
filament). A scan of the entire mass range (i.e., 1 to 120 a.m.u.) was 
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made in 100 seconds. Selected regions of the mass range were also 
scanned (i.e., 1 to 3 a.m.u. for and 12 to 17 a.m.u, for CH^) in 
reduced time intervals of 10 seconds. All spectra were recorded 
on a Hewlett-Packard strip chart recroder (model 7128A) fitted with a 
variable span input module (model 17500A). 
Polymer films on quartz plates were placed inside the modi- 
fied vycor tube which was then coupled directly to the inlet system at 
port J1. All connexions were made with Dow Corning high vacuum silicone 
grease. Aluminum foil was placed around the connexion at J1 to prevent 
the joint from freezing as a result of exposure to ultraviolet radiation. 
Isolating the diffusion pump, Dl, by closing stopcocks SI 
and S2, the reaction tube was 'rough’ pumped by opening stopcocks S3, 
S4, and S5. When pressures were within diffusion pump limits, stopcock 
S3 was closed and stopcocks SI and S2 were opened to lower the pressure 
-6 
inside the manifold to 2 x 10 mm Hg. When the pressure inside the 
manifold had stabilized at the lower limit, the reaction vessel was 
isolated by closing stopcock S5. 
The mass spectrometer was evacuated by first isolating the 
diffusion pump, D2, by closing stopcock S9 and the flap^valve, V. 
Stopcocks S9 and SIO were opened and the pressure inside the spectro- 
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meter head and adjoining glassware was reduced within diffusion pump 
limits. Stopcock SIO was closed, stopcock S9 and the flap valve were 
opened reducing the pressure inside the system to 2 x lO'^mm Hg. 
After the mass spectrometer had been pumped for several 
hours, a background spectra was recorded. Stopcock S8 was closed and, 
prior to irradiation and at selected times during irradiation, gaseous 
products inside the reaction vessel were sampled by briefly opening and 
closing stopcock S7. Product contained in the adjoining glassware was 
admitted to the mass spectrometer by opening stopcock S8. At the end 
of each scan, stopcock S8 was closed and the mass spectrometer pumped. 
A background was recorded prior to each analysis during irradiation. 
Between product analyses of different polymer films, the 
mass spectrometer was 'baked' at 275°C for 12 hours under high vacuum 
to remove traces of products left from previous films. 
Volatile product analysis provided a qualitative and 
semi-quantitative examination of gaseous products liberated during photo- 
lysis by monitoring products as a function of exposure time. The un- 
usually high sensitivity of the instrument also permitted an investi- 
gation into the possibility of diffusion controlled reactions by 
observing product formation as a function of temperature. In particular. 
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the polymer film contained in the modified quartz vessel was cooled to 
12°C and maintained within ±1°C during irradiation. Following an 
exposure of 2.5 hours to ultraviolet radiation, background and sample 
spectra were recorded as previously outlined, beginning at 12°C and 
at 5°C steps to a limit of 52°C. 
2.6.4.3 Calibration 
Quantitative mass spectral measurements were recorded as 
relative peak height values. To provide a correlation between relative 
peak heights and number of moles, the mass spectrometer was calibrated 
with hydrogen, methane, ethane, carbon monoxide and carbon dioxide. 
A sample bottle of internal volume equal to 55.57ml fitted 
with two high vacuum stopcocks and a ground joint was flushed with each 
of the gases and partially evacuated following connexion to the high 
vacuum apparatus (see figure 2.1). The pressure inside the sample 
bottle was measured with a McLeod guage (Edwards, model H.S.I.A.). 
-5 -2 
Assuming ideal behaviour at pressures of 10 to 10 mm Hg 
for each of the gases used, the number of moles contained in the gas 
bottle was obtained by calculations involving the ideal gas law. 
Mass spectra were recorded of each gas at various pressures. 
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The data obtained was combined with calculated values of the number of 
moles, the results of which are graphically represented in figure 2.13. 
2.6.5 Molecular Weight and Soluble Fraction Determination 
Following exposure under high vacuum at 26°C, films 
were dissolved in methylene chloride and filtered through Hirsch 
funnels (porosity 10-15 microns). The insoluble fraction was repeatedly 
washed with methylene chloride, dried and weighed. Solvent was re- 
moved from the soluble fraction by evaporation followed by pumping 
under high vacuum for several hours before weighing. 
The soluble fraction was redissolved in toluene and 
characterized by dilute solution viscometry using a Cannon constant 
temperature bath and a Cannon Ubbelohde dibution viscometer. Molecular 
weights were calculated using a modified computer program (see appendix 
A), kinetic energy corrections being neglected throughout. 
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Figure 2.1 - High Vacuum Apparatus: 
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Figure 2.3 - Spectral Distribution of the Hanovia (654A10) 

























Figure 2.4 - Exposure Enclosure: 
TOP VIEW 
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Figure 2.12 - Mass Spectrometer System: 
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Figure 2.13 - Mass Spectrometer Calibration: 











Figure 2.14 - Mass Spectrometer Calibration: 
Relative Peak Height vs Pressure of Hydrogen, 










Table 2.1 - Dilute Solution Parameters for the Para-substituted 
Styrene Polymers: 
Polymer K a Mn 
PVAP 2.79xl0“'{*) 0.70(*) 280,745 
PPBr 1.82 X10“'(49) 057(49) 54,700 
PPCI 1.18x10“'(49) 0.65(49) 56,180 
PPF l.79x|0“'(*) 0.63(*) 415,400 
PPIP 1.23 X I0“'(49) 0.69(48) 38,060 
PPMO 1.80x10“'(49) 0.62(49) 701,600 
PPTB 1.50 X lO'V) 0.65(4C) 101,500 
★-calculated, see Appendix B 
☆-calculated, see Appendix C 
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Table 2.2 - Absorption Characteristics of the Para-substituted 
Styrene Polymers: 
Polymer Absorption Co-efficient A. max 
(cnrO (nm) 
PVAP 6900 257.0 
PPBr 6050 2620 
PPCI 6600 269.0 
PPF 5420 2665 
PPIP 6305 2590 
PPMO 5610 279.0 




The data presented in this chapter is the result of a 
systematic detailed investigation into the photodegradation of PVAP, 
PPBr, PPCl, PPF, PPIP, PPMO, and PPTB. With the exception of poly- 
(vinyl acetophenone), all of the polymers contained a single chromophore 
(i.e., the phenyl ring). PVAP contained an additional chromophore (i.e., 
the carbonyl function in the para-acetyl group) and for this reason, 
the effects of both short and long-wave radiation were studied. PVAP- 
SW and PVAP-LW will be used to label the results obtained following 
exposure to short and long-wave radiation respectively. 
Rather than interpret the results as they are presented, 
a thorough discussion will follow this chapter in an attempt to analyze 
all data collectively for each of the polymers studied. 
3.2 Spectral Observations 
Spectra were recorded in an attempt to provide an insight 
into changes that occur in the macromolecular structure during irradia- 
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tion (i.e., nature of the crosslinks and evidence for the formation 
of main chain unsaturations). 
3.2.1 Infrared Spectra 
The infrared spectra of PVAP-SW, PVAP-LW, PPBr, PPCl, 
PPF, PPIP, PPMO, and PPTB films prior to and after 100 hours irradia- 
tion are shown in figures 3.1 to 3.8 respectively. Since the 
majority of photochemical reactions are expected to occur within the 
surface layers, it is not surprising that the infrared spectra of these 
films following exposure show little modification (i.e., the bulk 
of the film would mask any changes occurring at the surface). Slight 
decreases in baseline transmission were observed throughout the entire 
series of spectra as well as the appearance of broad peaks in the 
1650cm~^ to 1820cm’^ region. 
The majority of changes were observed in the infrared 
spectra of insoluble fractions isolated from thin films exposed for 
100 hours (see figures 3.9 to 3.16). Generally, new peaks were 
observed around 900cm’^ and 740cm’^ as well as weak broad absorption 
bands centered at 1700cm~\ As with thin film spectra, a decrease 
in baseline intensity was observed throughout. 
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3.2.2 Ultraviolet-Visible Spectra 
The ultraviolet-visible absorption spectra of PVAP-SW, 
PVAP-LW, PPCl, PPBr, PPF, PPIP, PPMO, and PPTB films, before and 
after 100 hours irradiation are shown in figures 3.17 to 3.24 
respectively. 
All polymers show absorptions in the ultraviolet region 
characteristic of electronic transitions associated with the phenyl 
ring. It is interesting to note that the carbonyl group on the para- 
substituent of PVAP does not give rise to an absorption band. This 
can be rationalized by taking into account a rather low extinction co- 
efficient observed for the carbonyl group in acetophenone.(50) It is 
likely that geometrical factors associated with polymer systems would 
lower this value even further. 
With the exception of PVAP-LW, PPMO, and PPF, the band 
of maximum absorption decreases in intensity and blends into a con- 
tinous absorption extending from 500nm to 200nm during irradiation. 
The bands in both PVAP-LW and PPMO remain essentially the same while 
the absorption maxima in PPF increases during exposure. All fine 
structure associated with the absorption bands is retained in PVAP-LW, 
PPMO and PPF but is lost in the other polymers following prolonged ir- 
radiation. 
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In the case of polystyrene (51) and poly(p-methylstyrene) 
(39) a yellow discoloration was reported during irradiation, a progres- 
sive increase in absorption around 400nm being observed. Similar 
observations are noted here for the polymer^ systems studied. 
Figure 3.25 shows the increase in absorbance at 400nm as a function 
of irradiation time for PVAP-SW, PPBr, PPCl, PPF, PPIP, PPMO, and PPTB 
respectively. It is interesting to note that PVAP-LW did not exhibit 
any increase in absorbance at 400nm. From figure 3.25 it can be seen 
that the extent of 'yellowing' varied considerably among the various 
polymers. The loss of linearity during the later stages of photolysis 
can be attributed to the discolored surface layers absorbing the 
ultraviolet light thereby reducing the intensity of incident radiation 
to the bulk of the film. Changes in the ultraviolet-visible spectra 
are indicative of changes in energy levels associated with TT -> TT* 
transitions of the phenyl ring arising from the formation of cross- 
links or main chain unsaturations. 
3.2.3 Fluorescence Spectra 
Fluorescence spectra of PVAP-SW, PVAP-LW, PPBr, PPCl, PPF, 
PPIP, PPMO, and PPTB films excited with 255nm radiation at 25°C are 
presented in figures 3.26 to 3.33 respectively, prior to and after 100 
hours exposure. 
The emission bands are the result of both singlet and 
eximer fluorescence. Following short-wave irradiation the bands are 
replaced by a broad dispersion centered at a longer wavelength than 
peaks observed for unexposed films. PVAP-LW shows little to no change 
in the emission spectra, a slight decrease in intensity of the peaks 
being observed. 
It is suggested, that during irradiation, modifications in 
the structure of the polymer chain (i.e., crosslinking and main chain 
unsaturations) perturb the energy levels of the phenyl ring such that 
the singlet is at a lower energy level: 
Lowering of the singlet energy level would result in a longer wavelength 
of fluorescence, F', since AE'<AE. 
The decrease in emission intensity associated with singlet 
fluorescence can be explained by considering color and chemical quench- 
ing. During irradiation as the film discolors, it is likely that 
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fluorescent radiation is attenuated by the colored surface layers. 
Also, energy destined for pathways to the ground state via fluorescence, 
may be lost by an energy transfer process from the excited phenyl 
segments to adjacent conjugations on the main polymer chain or, in the 
case of PVAP, to the carbonyl group of the para-substituent. It is 
interesting to note however, that neither singlet fluorescence nor 
phosphorescence from the carbonyl group was observed prior to or 
following degradation even when the film was excited at longer waver 
lengths. 
It is believed that eximer fluorecence is lost following 
irradiation and can be explained by considering geometrical factors. 
As previously noted in the introduction section of this thesis, adjacent 
phenyl segments on the same polymer chain must be co-planar for 
eximer formation. Hirayami(52), Chadros and Dempster(53) have reported 
that steric and geometric factors are extremely important in control- 
ling eximer formation. It follows then that during the course of de- 
gradation, crosslinking, either through the parasubstituent or direct 
to the phenyl ring will upset the necessary configuration for intrachain 
eximer formation and consequently reduce the emission intensity. 
3.3 Volatile Products 
3.3.1 Introduction 
The identification of volatile products produced during ir- 
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radiation provides information on the nature of the photochemical 
reactions taking place. The quantity of product detected is a direct 
measure of the efficiency of energy transfer from the chromophore 
(i.e., phenyl ring or in PVAP, the carbonyl group) to the particular 
bond undergoing fission. 
The rates of formation of products may be governed by 
their rates of diffusion out of the high density polymer matrix. To 
examine the possibility for diffusion control, it is necessary to 
examine semi-quantitatively the amount of product formed either as a 
function of film thickness or temperature, following exposure for a 
predetermined period. 
All mass spectral data is represented in terms of relative 
peak heights rather than number of moles, however, calibration curves 
have already been reported (see figure 2.12) to show the relationship 
between the number of moles and relative peak height. 
3.3.2 Volatile Products as a Function of Irradiation Time 
Figures 3.34 to 3.41 show the formation of products as a 
function of exposure time for films of PVAP-SW, PVAP-LW, PPBr, PPCl, 
PPF, PPIP, PPMO, and PPTB respectively. With the exception of PVAP-LW 
and PPC£, hydrogen was the major product. This can be accounted for 
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in most cases by the cleavage of C-H bonds in the tertiary position 
of the main chain and in some cases, the para-substituent. Other 
products characteristic of partial or total para-substituent 
cleavage were noted for all polymers studied. It is important to 
note the quantity (reflected by the relative peak height values) of 
volatile products liberated during photolysis; particular attention 
drawn to PVAP-SW, PVAP-LW, PPBr, and PPCl. Generally, the quantity 
of product formed depends upon the efficiency of intramolecular energy 
transfer as well as the dissociation energy of the particular bond in 
question. Bond dissociation energies for para-substituents are not 
known for polymers, however, approximate values can be assigned from 
dissociation energies reported for benzene analogues (see table 3.1). 
3.3.3 Volatile Products as a Function of Temperature 
Volatile products monitored as a function of temperature 
after films had been exposed for 2.5 hours are shown in figures 3.42 
to 3.49 for PVAP-SW, PVAP-LW, PPBr, PPCl, PPF, PPIP, PPMO, and PPTB 
respectively. The majority of products showed a marked decrease with 
increasing temperature, consistent with a depletion in sample during 
analysis. A few of the larger products exhibited slight increases in 
formation with increasing temperature. 
A complete discussion of the results presented in this sub- 
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section for the investigation of diffusion controlled reactions will 
appear in the discussion section of this thesis. 
3.4 Molecular Weight Changes 
3.4.1 Introduction 
By monitoring changes in molecular weight it is possible 
to determine the extent of crosslinking and chain scission as a function 
of irradiation time. Generally, the para-substituent will alter the 
nature and extent of the secondary reactions. In particular, it may 
hinder or promote crosslinking either through itself by partial 
cleavage, or direct to the phenyl ring by complete cleavage. Depending 
upon the electninic configuration of the substituent, radicals formed 
on the main polymer chain may be sources for the formation of crosslinks 
or initiating centres for chain scission by disproportionation or un- 
zipping. 
3.4.2 Changes in Molecular Weight as a Function of Irradiation Time 
Changes in molecular weight for PVAP-SW, PVAP-LW, PPBr, 
PPCl, PPF, PPIP, PPMO, and PPTB are numerically listed in table 3.2 
and graphically represented in figure 3.50. Since the initial molecular 
weights varied considerably from polymer to polymer, a delta factor, 
(i.e,, the number average molecular weight at exposure time x, 
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divided by the initial number average molecular weight, was 
used to represent changes occurring in the polymers studied so that 
all data could be collectively presented. 
According to figure 3.50, during the initial stages of 
degradation crosslinking is the major reaction occurring in PPBr, 
PPCl, and PPIP and, to a much lesser extent, in PPMO and PPTB. PVAP- 
SW and PPF both exhibit characteristics of simultaneous chain scission 
and crosslinking, the latter becoming important in the later stages of 
degradation. 
It is interesting to note the difference in behaviour be- 
tween PVAP-SW and PVAP-LW, the latter showing virtually no change in 
molecular weight. This is not unexpected however, since two different 
chromophores are participating in the reactions. In considering 
PVAP-SW, the absorption of energy by the phenyl segments may be trans- 
ferred intramolecularly to bonds in the main chain to initiate scission 
reactions or to bonds in the para-substituent to initiate the formation 
of crosslinks. It is highly unlikely that energy will be transferred 
to the main chain following absorption of energy by the carbonyl group 
in the para -substituent. It is more probable that reactions characteri- 
stic of carbonyl containing compounds (i.e., Norrish Type I reaction) 
will occur giving rise to a radical centre either on the para-substituent 
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or the phenyl ring to initiate crosslinking. 
The ease with which a particular polymer crosslinks 
appears to be directly related to the electronic and steric factors, 
of the para-substituent. Briefly considering PPBr, PPCl, and PPF, 
bond dissociation energies of the para-substituent increases along the 
series (see table 3.1), consequently the degree of crosslinking 
decreases. These aspects will be discussed in more detail in the 
discussion section of this thesis. 
3.5 Solubility Measurements 
3.5.1 Introduction 
The insolubility of a polymer following irradiation is 
directly related to the degree of crosslinking. Conversely, an increase 
I 
in solubility denotes a decrease in molecular weight arising from scis- 
sion reactions. 
Both processes can be related by Charlesby's equation (see 
equation (29)). By plotting S + versus the inverse of irradiation 
time and extrapolating to zero exposure, an intercept of value a/3 may 
be obtained. Riecalling fr'om Chapter 1, a and 3 are constants propor- 
tional to the probability of chain scission and crosslinking, respectively. 
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3.5.2. Data From Chariesby Plots 
Data obtained from solubility measurements was analyzed 
according to Charlesby's equation, the results of which are reported 
in table 3.3. 
For PVAP-SW, PPIP, and PPMO, crosslinking is approximately 
four times as likely as chain scission. For PPBr, PPCl, and PPF, 
crosslinking is approximately 20,8 and equally likely as chain 
scission, respectively. 
As previously noted in molecular weight changes, the values 
of a/3 reflect electronic and steric factors associated with the para- 
substituent. 
It is important to note that extreme difficulty was en- 
countered in obtaining data for Charlesby plots. The many variables 
inherent in such an analysis (i.e., film thickness and residual solvent 
in the soluble fraction) do not permit experimental values to be pre- 
sented with a great deal of certainty. It must therefore be stated 
that the a/3 values reported in table 3.3 be accepted with this in 
mind and should not be considered individually but collectively with 
other data. 
83 
3.6 Summary of the Results of Secondary Reactions 
Table 3.4 represents a quantitative summary of the results 
of secondary reactions as implied by spectral observations, volatile 
product analysis, molecular weight changes and solubility measurements. 
Numerical values for chain scission* crosslinking and coloration have 
been assigned on the basis of an arbitrary scale from 1 to 10; the 
magnitude of the number indicating the extent of the particular 
reaction. Each column was assessed individually and may be used to 
provide comparisons between polymers, regarding the participation of 
the para-substituent in a particular secondary reaction. For a more 
detailed and accurate account, the reader is referred to the discussion 
section of this thesis. 
84 
Figure 3.1 - Thin Film I. R. Spectra of Poly(vinylacetophenone) 





Figure 3.2 ~ Thin Film I. R. Spectra of Poly(vinylacetophenone) 







Figure 3.3 - Thin Film I. R. Spectra of Poly(p-bromostyrene) 





Figure 3.4 - Thin Film I. R. Spectra of Poly(p-chlorostyrene) 




Figure 3,5 - Thin Film I. R. Spectra of Poly(p-fluorostyrene) 
Before and After 100 Hours Irradiation: 
1 % 
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Figure 3.6 - Thin Film I. R. Spectra of Po1y(p-isopropylstyrene) 




Figure 3.7 - Thin Film I. R. Spectra of Poly(p-methoxystyrene) 





Figure 3.8 - Thin Film I. R. Spectra of Poly(p-teri-butylstyrene) 







Figure 3.9 - I. R. Spectra of the Insoluble Product Isolated from 






Figure 3.10 - I. R. Spectra of the Insoluble Product isolated from 






Figure 3.11 - I. R. Spectra of the Insoluble Product Isolated from 






Figure 3.12 - I, R. Spectra of the Insoluble Product isolated from 






Figure 3.13 - I. R. Spectra of the Insoluble Product Isolated from 




Figure 3.14 - I, R. Spectra of the Insoluble Product Isolated from 























Figure 3.15 - I. R. Spectra of the Insoluble Product Isolated from 






Figure 3,16 - I. R. Spectra of the Insoluble Product Isolated from 





Figure 3.17 - U. V. Spectra of Poly(viny1acetophenone) Film Before 












Figure 3.18 - U. V. Spectra of Poly(vinylacetophenone) Film Before 












Figure 3.19 ^ U. V. Spectra of Poly(p-bromostyrene) Film Before 
























Figure 3,20 - U. V. Spectra of Poly(p-chlorostyrene) Film Before 





























Figure 3.21 U. V, Spectra of Poly(p-fluorostyrene) Film Before 












Figure 3.22 - U. V. Spectra of Poly(p-isopropylstyrene) Film Before 












Figure 3.23 - U. V. Spectra of Poly(p-methoxystyrene) Film Before 
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Figure 3,24 - U. V, Spectra of Poly(p-*02?t-butylstyrene) Film Before 





























































































Figure 3.26 - Fluorescence Spectra of PolyCvinylacetophenone) Film 











































Figure 3.27 - Fluorescence Spectra of Poly(vinylacetophenone) Film 










































Figure 3,28 - Fluorescence Spectra of PolyCp-bromostyrene) Film 
















































Figure 3.29 - Fluorescence Spectra of Poly(p-chlorostyrene) Film 























































Figure 3.30 - Fluorescence Spectra of Poly(p-fluorostyrene) Film 
























Figure 3.31 - Fluorescence Spectra of Poly(p-isopropylstyrene) Film 



















Figure 3,32 - Fluorescence Spectra of Poly(p-methoxystyrene) Film 

















































Figure 3.33 - Fluorescence Spectra of Pol>(p--te2»t-butylstyrene) Film 
























Figure 3.34 - Volatile Products from Poly(vinylacetophenone) as a 














Figure 3.35 - Volatile Products from Poly(vinylacetophenone) as a 





















Figure 3.36 - Volatile Products from Poly(p-bromostyrene) as a 








Figure 3,37 - Volatile Products from Poly(p-chlorostyrene) as a 














Figure 3.38 - Volatile Products from Poly(p-fluorostyrene) as a 



















Figure 3.39 - Volatile Products from Poly(p-isopropylstyrene) as a 




















Figure 3.40 - Volatile Products from Poly(p-methoxystyrene) as a 




















Figure 3.41 - Volatile Products from Poly(p-tert-butylstyrene) as a 


























Figure 3.42 - Volatile Products from Poly(vinyl acetophenone) as a 
Function of Temperature Following 2.5 Hours Exposure 

































































Figure 3.43 - Volatile Products from Poly(vinyl acetophenone) as a 
Function of Temperature Following 2.5 Hours Exposure 































































Figure 3.44 - Volatile Products from Poly(p-bromostyrene) as a 













































































Figure 3.45 - Volatile Products from Poly(p-chlorostyrene) as a 











































































Figure 3.46 - Volatile Products from Poly(p-fluorostyrene) as a 
Function of Temperature Following 2.5 Hours Irradiation: 
O lO O lO o 












































































Figure 3.47 - Volatile Products from Poly(p-isopropylstyrene) as a 





































































Figure 3.48 - Volatile Products from Poly(p-methoxystyrene) as a 










































































Figure 3.49 - Volatile Products from Poly{p-te2»t-butylstyrene) as a 































































Figure 3.50 - Changes in Molecular Weight as a Function of 
Irradiation Time for the Para-substituted Styrene 
Polymers: 
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Table 3.1 - Dissociation Energies for Substituents in Benzene 
Compounds: 
Compound Dissociation Energy 
(kcal/mole) 
CeHg-COCH. 85 (54) 
CsHgCO-CK 78 (55) 
CeHs Br 71 (55) 
CeHs Cl 86 (55) 
CeHs-F I 15 (55) 
CgHs iC3H7 85 (54) 
CgHg-OCK 82 (54) 
DeHs tC4H0 85 (54) 
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Table 3.2- Changes in Molecular Weight as a Function of Irradiation 
Time for the Para-substituted Styrene Polymers: 
Polymer 
Exposure Time (hrs.) 




























































a/p = probability of chain scission /probability of 
crosslinking. 
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Table 3.4 - A Summary of the Results of the Secondary Reactions:^ 
Polymer Chain Scission Crosslinking Coloration 
PVAP-SW 
PVAP-LW 
PPBr 10 10 





★ Each secondary reaction was assessed on a scale 
of I to 10 * the magnitude indicating the extent 




4.1.1 Primary Reactions 
The ultraviolet spectra of all para-substituted styrene 
polymers studied had broad absorbances extending from 245nm to 275nm 
(associated with the TT ir* transitions of the phenyl rings). 
Generally, absorption of energy will first lead to the excited singlet 
which may be deactivated by a number of photochemical and photo- 
physical processes; 
polymer ■ » polymer* 
photophysical processes 
photochemical processes 
Photophysically, energy may be lost by the radiationless 
process of internal conversion, singlet fluorescence as well as the 
formation of the triplet and eximer. 
Photochemically, energy may be transferred from the phenyl 
ring to initiate the fission of bonds in the main chain or para- 
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substituent. For main chain scission reactions a decrease in molecular 
weight will be observed. Side chain scission reactions will initially 
produce macro- and microradicals. Macroradicals may recombine and 
result in the formation of crosslinks (an increase in molecular 
weight will be observed). Microradicals may either recombine or 
abstract atoms from the polymer chain or side chain and result in the 
elimination of volatile products. 
It has been reported that in polystyrene a-C-H cleavage 
on the main chain is the most probable reaction.(57) Apart from 
the para-substituent, it is reasonable to assume that all of the 
polymers studied here will behave similarly. The dissociation 
energy of the a-C-H bond will be influenced by the stability of 
the resultingvradical. This depends on inductive, conjugative and 
steric factors associated with the para-substituent. 0tsu(58) 
has observed correlations between inductive effects of para- 
substituents in copolymerization studies and has found that electron 
withdrawing groups (e.g., Br and Cl) destabilize the growing radical. 
Also, Inagaki et ^.(59) have shown that para-substituents influence 
the thermal stability of para-substituted styrene polymers (i.e., 
electron repelling groups stabilize radicals and this leads to less 
depolymerization). 
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It is important to note that the delocalization of 
a radical throughout the Tr-electron system (i.e., increasing the 
stability of the radical thus formed) may be affected by steric 
factors. In particular, delocalization of radical (40-1) proceeds 
with the formation of a co-planar structure, (40-2): 
However, if there is opposition to co^planarity, delocalization 
of the radical will be inhibited. 
To account for the majority of volatile products observed 
during irradiation, partial or total para-substituent cleavage must 
be involved. Depending upon the nature of the substituent, this 
reaction may be energetically favoured over a-C-H fission. 
4.1.2 Secondary Reactions 
Macro- and microradicals formed as a result of the primary 
reactions may either recombine, abstract atoms from the polymer chain 
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or initiate crosslinking and chain scission, the extent of each 
dependent on the nature of the para-substituent. 
With the exception of PVAP-LW and PPCl, hydrogen was 
the major gaseous product observed during photolysis. Hydrogen 
may be formed by direct combination of two atoms (in the presence 
of a third body), but on account of the reactivity of H atoms 
it is likely that most of the molecular hydrogen results from inter- 
and intramolecular abstraction reactions.(39) Abstraction may 
occur from either the a-position in a neighbouring chain or the 
3-position in the same polymer chain (i.e., adjacent to the initial 
C-H fission). The latter has been observed in polystyrene to 
account for main chain unsaturations and it is likely to be equally 
important for the polymers in this current study. 
Other volatile products may be accounted for in a similar 
manner (i.e., recombination or abstraction). The formation of 
ethane would most likely arise from radical recombination since 
the abstraction of a methyl radical would be highly unlikely. 
Crosslinking and main chain scission can be directly 
related to electronic and steric factors associated with the para- 
substituent. 
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4.2 Poly(vinyl acetophenone) 
4,2.1. Short-wave Photolysis 
The short-wave photolysis of PVAP involves the ab- 
sorption and subsequent distribution of energy by the phenyl ring 
and the carbonyl group in the para-substituent. 
To account for the volatile products observed during 
photolysis, fission of both the a-C-H bond and the para-substituent 










In addition, radicals formed on the main chain that 
use the phenyl ring for delocalization of charge, could be expected 
to have reduced stability in comparison to polystyrene and PPMS 
arising from the inductive effect (-1) associated with the para- 
substituent. 
Since the radiation received by the polymer film during 
short-wave photolysis was not restricted to 255nm (see figure 2.3), 
the effect of the chromophore in the para-substituent should be 
considered. However, the effect of absorption and subsequent trans- 
fer of energy by this chromophore to initiate secondary reactions 
is rather small compared to the phenyl ring. For this reason, the 
participation of the carbonyl group to the overall mechanism of 
degradation will be discussed in the following subsection. 
Radicals on the main chain, para-substituent or the 
phenyl ring may recombine with other macroradicals to form crosslinks. 
There are many types of crosslinks possible by simple recombination, 
a few of which can be envisaged by considering; 
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i) the recombination of a benzylic radical formed on 
the para-substituent by CO-CH^ cleavage: 
-CHj-CH- 
c=o 
C = 0 
ii) the recombination of a phenyl radical and a radical 
formed on the para-substituent by CO-CH^ cleavage: 
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iii) the recombination of two radicals formed on 
the para-substituent by GO-CH^ cleavage. 
I c=o 
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Absorptions in the infrared spectra (see figure 3.1 
and 3.9) with particular attention to; new peaks recorded at 
670cm"^ and 915cm"\ the appearance of shoulders on the 815cm“\ 
1575cm~\ and 1689cm’^ peaks as well as changes in intensities of 
the peaks in the 950cm~^ to lllOcm’^ region, are characteristic 
of olefins of the type: CHR-j = CH2 (1645“1640cm“^ and 915-905cm“b, 
cis-CHR-j = CHR^ (1605-163'5cm"^ and 730“665cm"^) and trans-CHR-j = CHR^ 
(980-960cm’^).(60) The Formation of structures containing 
these olefins can be rationalized by considering: 
i) the addition of macroradicals to the phenyl 







ii) the formation of main chain unsaturations by 
3"H abstraction in the main chain; 
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It is interesting to note that the increase in absorp- 
tion at 400nm (see figure 3.25) is concomitant with the production 
of hydrogen, suggesting that conjugated main chain unsaturations, 
(46-2), are largely responsible for the yellow coloration observed during 
irradiation. Evidence in support of this hypothesis does not 
however, rule out the possibility that photoisomers (l7-l) and 
(17-2) contribute to the 'yellowing' as suggested by Ranby and 
Rabek.(21) 
As reported earlier, radicals formed on the main polymer 
chain can initiate chain scission by disproportionation. Chain scission 
will lead to the formation of radicals very similar in structure 
to the growing radicals involved in polymerization. These could 
conceivably depolymerize, however, the absence of monomer in the 
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volatile products would suggest that depolymerization does not 
occur and this can be rationalized in terms of temperature (i.e., 
the reaction temperature being well below the ceiling temperature 
for the polymer). 
Chain scission and crosslinking are competitive processes 
during irradiation, the latter becoming important during later 
stages of degradation (figure 3.50). This can be rationalized by 
considering the inability of macroradicals to separate once they 
are formed in an increasingly viscous (crosslinked) medium. 
4.3.2 Long-wave Photolysis 
The long-wave photolysis of PVAP deals specifically 
with those photochemical reactions arising from the absorption 
and subsequent transfer of energy from the carbonyl group as well 
as any impurity (peroxide) incorporated into the polymer during 
processing. 
The energy associated with 295nm radiation is suf- 
ficient to cleave C-C bonds in the para-substituent provided that 
the transfer of energy is efficient: 
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The lack of major changes in the infrared, ultraviolet- 
visible and fluorescence spectra, indicates virtually no change in 
the macromolecular structure during irradiation (see figures 3.10, 
3.18, and 3.27). Changes in molecular weight as well as the 
detection of trace quantities of volatile products indicate degradation 
is occurring, but to a very small extent. C-C bond fission is 
observed in the para-substituent (Norrish Type I reaction), reflected 
by very small amounts of methane, ethane and acetaldehyde (see figure 
3.43). The observed hydrogen apparently arises from CH2-H cleavage 
in the para-substituent since intramolecular energy transfer would 
not be expected to extend from the para-substituent to the main chain. 
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A slight increase in molecular weight during irradiation 
(see figure 3.50) indicates participation of the para-substituent in 
crosslinking. In particular, recombination between radical centres 
on adjacent phenyl segments and para-substituents is believed to 
constitute the majority of crosslinks formed. 
It is not surprising that chain scission was not reflected 
in solubility measurements. The unlikely transfer of energy from 
the carbonyl group to the main chain would restrict scission reactions 
to impurities or radicals formed on the main chain by the abstraction 
of hydrogen. 
The quantum yield for the reactions associated with the 
carbonyl group must be very small to account for the quantity of 
gaseous products and the lack of secondary reactions observed during 
irradiation. It is likely that photophysical processes are the 
major recipients of energy transfer processes. 
Consistent with the observations of PVAP-LW, Hrdlovic 
^^.(61) have investigated the photolysis of benzophenone and 
copolymers with styrene and have found that the carbonyl group acts 
like an isolated chromophore and does not stabilize the polymer in 
a photophysical sense. 
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4.3 p-Halopolymers 
Classified undeV' this heading are the substituted 
styrene polymers having para-substituents of Br, Cl, and F. Since 
none of these groups absorb energy directly, photochemical reactions 
will occur as a result of intramolecular energy transfer processes 
associated with an electronically excited phenyl ring. 
Changing the electronegativity of the para-substituent 
has the effect to alter the electronic environment about atoms on 
the main chain (arising from inductive effects associated with the 
substituent). The effect of the substituent may be assessed by 
examining the secondary reactions. 
To account for the volatile products observed 
during irradiation (see figures 3.45, 3.46, and 3.47), cleavage 
of the para-substituent followed by either fission of C-H bonds or 
abstraction of hydrogen from the main chain must be occurring (see (4S)) 
The formation of radicals (48-l) and (48-2) will depend on the dis- 
sociation energies, the efficiency of intramolecular energy transfer 
and inductive and conjugative effects of the para-substituent. To 
account for H2 and HCl being the major products in PPBr and PPCl 
respectively, as well as noting that the quantity of HCl to HBr is 
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approximately 2:1, it must be concluded that electronic factors 
associated with the para-substituent play an important role in 
controlling the course of the reactions. One would expect however, 
on the basis of bond dissociation energies of benzene analogues 
(see table 3.1), that more HBr would be liberated than HCl or HF. 
This appears to be true for PPF compared to PPCl and PPBr, noting 
that H2 production is low and HF formation is practically non- 
existent. 
It is worth noting that neither Br2» CI2J nor F2 were 
detected in the volatile products during irradiation. The absence 
of these products i;s not indicative that the para-bond is not breaking, 
rather the halogen radicals formed abstract hydrogen, or possibly 
hydrogen radicals abstract halogen atoms. In addition, it is rather 
unlikely that electronically excited diatomic halogens would survive 
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vibrations on formation. 
Major changes observed in the infrared spectra of the 
insoluble fraction (new peaks at 702cm”^ and 915 cm"^; see figures 
3.11, 3.12 and 3.13) as well as the ultraviolet-visible and fluor- 
escence spectra (see figures 3.19, 3.20, 3.21, and figures 3.28, 3.29, 
3.30 respectively), indicate significant changes are occurring in the 
macromolecular structure during irradiation. 
phenyl ring may form crosslinks by recombining with other macroradicals 
or adding to the phenyl ring to yield a cyclohexadienyl structure. 
the bond dissociatiun energy of the para-substitueht. It must be noted, 
however valid this observation, that crosslinking is not restricted to 
those radicals formed by cleavage of the para-subStituent, but also 
to radicals formed on the main polymer chain. Therefore, inductive 
and conjugative effects as well as dissociation energies must be 
considered as factors affecting crosslinking. A disscussion of 
electronic factors will be presented in section 4.6.1 of this thesis. 
As with PVAP, radicals formed on the main chain or the 
The extent of crosslinking appears to coincide with 
Chain scission appears to be prevalent in the early 
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stages of degradation for PPF, with some indication of crosslinking 
during later stages (see figure 3.50). PPF is the most degradation- 
resistant system in the overall series of polymers studied. This 
is reflected not only in molecular weight measurements but also 
in the lack of major changes in infrared, ultraviolet-visible and 
fluorescence spectra as well as the relatively low yield in volatile 
products. These results are not totally unexpected however, since 
the electron-withdrawing effect exhibited by the para-F would tend 
to destabilize the a-radical and lower the hydrogen yield as well 
as destabilize the radical formed by chain scission. Also, the 
strength of the C-F bond (approximately 115 kcal/mole; see table 3.1) 
would effectively inhibit loss of the para-substituent by abstraction 
or bond fission. 
The yellow discoloration observed as a function of 
irradiation time (see figure 3.25) is concomitant with the evolution 
of hydrogen (see figures 3.36, 3.37, and 3.38); evidence in favour 
of the formation of conjugated main chain unsaturations. This can 
be rationalized by considering the abstraction of 3-H on the 
main chain by the para-substituent or hydrogen radicals formed 
by a-C-H fission: 
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-CHo~C- -CH^C- -CH=C- 
The intense discoloration associated with PPBr along with the 
relatively large quantity of H2 liberated, can be explained in 
terms of reaction ^49-l) with minor emphasis on reaction (49-2j. 
The yellowing in PPCl could be accounted for primarily by reaction 
(49-2) with little emphasis on reaction (49-1) . PPF on the other 
hand exhibited only slight discoloration during irradiation, 
accounted for primarily by reaction (49-1). 
Since Br is not very reactive towards abstraction, it 
is likely that there may be 'free' Br atoms formed during photo- 
lysis that may diffuse throughout the polymer and react with double 
bonds (i.e., fulvene types and main chain unsaturations) according to 
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X = H. B, (“ 0 f»-2) 
The appearance of a band at 702cm in the infrared spectra of the 
insoluble product (see figure 3.11) could account for structure 
(50-2). 
It is important to note that the volatile products 
obtained following the gamma irradiation of PPBr and PPC1(43) differ 
significantly from those observed following ultraviolet irradiation. 
For this reason, the radical chain reaction initiated by cleavage 
of the aromatic C-halogen bond (see (33) ) does not seem likely after 
analyzing the results of this current study. The following scheme 
collectively presents a summary of the secondary reactions in PPBr, 
PPCl, and PPF following ultraviolet irradiation: 
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The origin of methane, methanol and ethane in the gases 
liberated during irradiation (see figure 3.40) can be explained in 
terms of partial or total cleavage of the para-substituent: 
CH3OH 
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Hydrogen could be expected to be formed from radical recombination 
or abstraction following an initial a-C-H cleavage. 
As with PVAP-SW and poly(p-halostyrenes), radical 
centres formed on the phenyl ring or main chain of PPMO could be 
expected to participate in chain scission or crosslinking. It is 
difficult to determine whether both of these processes are 
occurring simultaneously from the molecular weight data presented 
in figure 3.50. Certainly, crosslinking is important during the 
later stages of degradation, however, one would expect a more 
abrupt increase in molecular weight, reflecting the participation 
of two radical centres in the crosslinking mechanism. A plausible 
explanation to account for the rather gradual increase in molecular 
weight can be rationalized by considering reactions (53). (54) 
and (55) . The reaction in (53) takes into account the stability 
of the intermediate radical formed (i.e., the delocalization of the 
unpaired electron on the a-C atom by resonance interaction with the 
para-substituent). The unpaired electron is delocalized through the 
TT-electron system of the phenyl ring, which has the net effect to 
render it less available either for coupling with a radical site on 
an adjacent chain or initiating chain scission by disproportionation. 
It is important to note that quinones have been reported to be 






the absorption of energy by the quinone will lead to the production 
of the excited state that may abstract hydrogen from the polymer 
to produce radicals and possibly accelerate crosslinking. Formation 
of structure (53-l) or (54-1) would be photochemically unstable. 
It is more reasonable to consider an 'enol' structure, [sS-l), which 
may abstract hydrogen and result in the formation of a substituted 
phenol. This would effectively eliminate the radical centre on 
the para-substituent and restrict any crosslinking to the a-position 
on the main chain or to additions in the phenyl ring. 
As reported for PVAP, PPBr, PFCT, and PPF, hydrogen 
production (see figure 3.40) is concomitant with the increase in 
absorbance at 400nm (see figure 3.25). 
4.5 p-Alkylpolymers 
PPIP and PPTB both contain relatively large alkyl sub- 
stituents in the para-position of the phenyl ring. 
The appearance of methane, ethane and isobutane during 
irradiation, can be accounted for by partial or total cleavage of 
the para-substituent followed by radical recombination. It is likely 
that hydrogen will be formed either by the recombination of radicals 
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from a-C-H fission or the abstraction of H atoms from the main chain. 
For PPIP, two a-C-H groups are present, each being a 
potential source for hydrogen radicals (a possible explanation to 
account for approximately twice as much H2 from PPIP than PPTB). 
Either radical may be delocalized throughout the ir-electrons in the 
phenyl ring; 
jHC-C^CHa 
Due to the inductive effect, (+1), associated with the isopropyl 
group, a-C-H fission will be aided not in the para-substituent but 
on the a-position in the main polymer chain. However, because of 
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the possible delocalization as outlined in (56) , radical centres 
can be formed on the para-substituent. Similar delocalizations 
have been noted for PPTB in the introduction to this thesis, (see 
Significant changes in the infrared spectra of the in- 
soluble product, with particular attention to the appearance of new 
peaks at 735cm”^ and 910cm~^ for PPTB and 735cm’\ 915cm”\ 1615cm"\ 
and 1670cm“^ for PPIP, (see figures 3.14 and 3.16), reflect definite 
modifications in the macromolecular structure during irradiation. 
These absorptions are characteristic of olefins similar to those 
reported for PVAP. 
Both PPIP and PPTB films yellow during irradiation and 
exhibit increases in the absorbance at 400nm (see figure 3.25) which is 
concomitant with the production of hydrogen (see figures 3.47 and 
3.49). As previously noted throughout this discussion, this is evidence 
in support of the formation of conjugated main chain unsaturations. 
Changes in molecular weight (see figure 3.50) indicates 
a significant degree of crosslinking in PPIP, which is practically 
non-existent in PPTB. This reflects the overwhelming participation 
of the para-substituent in crosslinking, with particular attention 
drawn to a rather labile proton in the isopropyl group. Undoubtedly, 
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radical centres formed on the para-substituent of PPIP delocalize 
throughout the phenyl ring, however, there is still sufficient 
localization to recombine with other macroradicals. The difference 
in reactivity towards crosslinking appears to be directly related 
to electronic (inductive and conjugative effects) rather than steric 
factors, since the removal of a hydrogen radical from the iso- 
propyl group and methyl radical from the tert-butyl group leaves 
the same radical in the para-position of the phenyl ring. 
Electronic factors must be considered in addition to 
steric factors as a possible influence in the formation of cross- 
links to the phenyl ring (cyclohexadienyl structures) and across 
the tertiary carbon atom in the main chain. The inductive and con- 
jugative effects associated with the isopropyl and tert-butyl groups 
will increase the electron density within the phenyl ring and 
tertiary main chain atoms. Since this effect will be greater with 
the tertbutyl group than the isopropyl group, cleavage of the a- 
C-H bond will be more probable in PPTB. Noting that the probability 
of forming tertiary radicals on the main chain is greater in PPTB 
than PPIP while more crosslinking is observed in PPIP than PPTB in- 
dicates more participation of the para-isopropyl group than the 
para-tert-butyl group in crosslinking. 
The rather weak absorption at 400nm for PPIP compared 
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to a much more intense absorption observed for PPTB (see figure 3.25) 
is consistent with this theory since a-C^H cleavage followed by 
abstraction of an adjacent is necessary for the formation of 
main chain unsaturations. Reactions (57) and (58) summarize the 
important details in the discussion of PPIP and PPTB. 
4.6 Collective Considerations 
4.6.1 Electronic Factors 
In essence, the nature and extent of the secondary reactions 
observed in PVAP, PPBr, PPCl, PPF, PPIP, PPMO, and PPTB are directly 
related to the free energy of the radicals formed on the main chain, 
phenyl ring or the para-substituent. For example, benzylic radical 
formation on the main chain results in the a-carbon atom being electron 
defficient. Anything that assists in increasing the electron den- 
sity at this location (i.e., the inductive and conjugative effects 
associated with the para-substituent), stablizes and lowers the free 
energy of the radical and also increases the probability of radical 
formation. 
A measure of the electronic effects associated with a 
substituent in a phenyl ring can be assessed from Hammet a-constants 






where: K refers to the reaction of 
a m- or p-substituted phenyl 
compound (e.g., ionization of 
a substituted benzoic acid) 
K_ refers to the same reaction 
U 
of the unsubstituted compound 
cr is the substituent constant 
which indicates the relative 
electron-withdrawing ( positive 
value) or electron releasing 
(negative value) of a particular 
substituent 
p is the reaction constant and is 
a measure of the susceptibility 
of the reaction to substituent 
effects. 
It is important to note that the a-constants are for reactions in 
solution and are not strictly comparable to reactions occurring in 
polymer films. The a-values are presented however, in an attempt to 
provide a semi-quantitative measure of the effects of the para-substituents. 
Specifically, Hammet a-constants may be used to evaluate the substituent 
effect on the two main radicals formed (i.e., benzylic radical, ^60-l) , 
or a radical formed by main chain scission (60-2)): 
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Electron withdrawing groups will reduce the stability of these 
radicals and therefore reduce the probability of formation. 
Table 4.1 summarizes the inductive and conjugative 
effects as well as numerical values of Hammet a-constants for the 
para-substituents involved in the styrene polymers. From the values 
listed, it may be predicted that the stability as well as the 
probability of main chain radical formation would follow a series 
such as: 
PPMO > PPTB > PPIP > PPF > (PPCl, PPBr) > PVAP 
It is difficult to assess the activity of main chain 
radicals by taking into account the secondary reactions of chain 
scission, coloration and hydrogen production. In particular, it is 
difficult to separate and classify those reactions occurring in the 
main chain from those obtained from the system as a whole (i.e., para- 
substituent involvement). 
On the basis of chain scission data from solubility and 
molecular weight measurements (assuming chain scission occurs by 
disproportionation rather than unzipping ), the following series is 
suggested as an assessment of the activity of main chain (i.e., benzylic) 
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radicals: 
PPF > PPTB > PPMO > (PPCl, PVAP) > (PPIP, PPBr) 
A similar series is suggested on the basis of H2 production: 
PPBr > PPCl > PPMO > PPIP > PPTB > PVAP > PPF 
A word of caution is in order with respect to this series, since 
para-substituents containing hydrogen atoms may contribute to the 
total amount liberated during photolysis. Also, all hydrogen 
radicals will not rec6mbine~with other hydrogW radiceTls or abstract 
hydrogen atoms since recombination with halogen and para-substituent 
radicals is observed. 
The activity of the radical must be considered when evalua- 
ting its participation in any of the secondary reactions. It follows, 
that if the radical is stabilized by a +I effect (associated with the 
para-substituent) then involvement in crosslinking for example, will 
be much less than with radicals where such conditions do not exist. 
That is, the more stable the radical the less reactive it is as an 
isolated centre. 
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Considering series (61) and (62) , there is a fair cor- 
relation between the ease of formation of a benzylic radical 
(reflected by Hammet a-constants) and main chain scission. However, 
there does not appear to be a correlation between series (61) and 
^6S), presumably due to mechanisms other than benzylic radical formation 
to account for hydrogen. 
The lack of a better correlation with the Hammet series, 
[6l), is partially due to the absence of experimentally observing a 
secondary reaction truly representative of the Hammet equation. In 
addition, it is worth noting that Hanmet a-constants are really 
applicable to solutions and not to reactions in a highly viscous media. 
4.6.2 Steric Factors 
The reactivity of the polymers cannot be discussed only in 
terms of inductive and conjugative effects. Steric factors must 
also be considered, with emphasis on both the para-isopropyl and para-tert- 
butyl groups. 
For PVAP, PPBr, PPCl, PPF, and PPMO, partial or total 
cleavage of the para-subs^ituent would leave the radical centre 
exposed, so that approach of another macroradical may result in the 
formation of a crosslink. However, in PPIP arid PPTB, formation of 
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radical centres by partial cleavage of the para-substituent 
(i.e., fission of either C-CH^ or C-H in PPIP and C-CH^ in PPTB) 
would leave the radical centre 'shielded' by the remaining groups. 
In such a case, the approach and subsequent recombination with 
another macroradical would be sterically hindered. 
It is also worth noting that cage effects imposed on 
large radicals may be important during the later stages of degrada- 
tion. Isopropyl and tert-butyTradicaTs produced by complete cleavage 
of the para-substituent may not be able to escape such a cage and 
therefore be forced to recombine with the phenyl segment. Therefore, 
even though bonds are cleaved, radicals formed cannot participate in 
the crosslinking process, 
4.6.3 Diffusion Controlled Reactions 
During the initial stages of degradation, the production 
and subsequent liberation of products from thin polymer films may be 
diffusion controlled. 
The importance of diffusion controlled reactions can be 
assessed by quantitatively measuring the amount of product produced 
as a function of temperature after receiving a dose of ultraviolet 
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radiation. Generally, two elementary observations may be made; 
either the amount of product increases (reflecting diffusion control) 
or remains constant with increasing temperature. In essence, as 
the temperature is increased the degassing process is monitored. 
From the data obtained (see figures 3.42 to 3.49), a decrease in 
product is observed with increasing temperature. Taking into account 
the method of detection, these results are consistent with the 
liberation of the product from the film during the period of analysis. 
In other words, what is actually observed at higher temperatures 
is the amount of product formed at T2°C less the amount which has 
diffused out and been analyzed. If diffusion control had been im- 
portant, a gradual increase in products would have been noted. In- 
stead, what is observed is the decrease in solubility of the gas 
with increasing temperature. This is a valid assumption since the 
same type of behaviour was observed for H2* CH^> ^2^6’ ^^2 
during the calibration of the mass spectrometer (see figure 2.14). 
In each case a decay in relative peak height was observed in the 
amount of product detected, being directly proportional to the pressure 
(i.e., quantity) of sample. 
Slight variations to this behaviour were observed in PPBr, 
PPF, PVAP-SW, and PVAP-LW. Both HBr and HF were entirely eliminated 
from the film at 20°C, beyond which a decrease was observed (see 
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figures 3.44 to 3.46). Similar behaviour was noted for ethane and 
acetaldehyde at 25°C in PVAP-SW (see figure 3.42). The slight in- 
crease in the production of ethane with increasing temperature for 
PVAP-LW (see figure 3.43) can be rationalized by considering the 
following. During long-wave irradiation, it is highly probable 
that radicals will be produced randomly (owing to the effective 
competition from photophysical processes). Since ethane must be 
formed by radical recombination, an increase in temperature will 
increase the mobility associated with the methyl radical and there- 
fore increase the probability of recombination. 
Considering an overall activation energy of 8 to 12 
kcal/mole for the series of polymers studied, (4.8 kcal/mole reported 
for polystyrene( 7))» as well as the temperature range covered 
during analysis, a significant increase in products should have been 
detected as a function of the diffusion process. However, from the 
present results it would appear that diffusion is not an important 
factor. In addition, Kilgoar and Van 0ene(64)» dealing with the 
photodegradation of automotive paints, have reported that with high 
absorption most of the reaction is on the surface and diffusion is 
not important. 
4.7 Conclusions 
The data presented in this research project has shown 
that the nature and extent of the secondary photochemical reactions 
(chain scission, crosslinking, coloration and volatile product 
formation) are intimately related to the para~substitutent. Electronic 
(inductive and conjugative effects) and steric factors must be con- 
sidered when evaluating the participation of the para-substituent in 
such reactions. 
In the case of PVAP, the chromophore in the para-substituent 
does not particpate to any great extent in initiating photochemical 
reactions. The majority of the reactions are associated with intra- 
molecular energy transfer processes following the absorption of 
ultraviolet light by the phenyl ring. 
Volatile products measured as a function of temperature 
(12 to 52°C) following irradiation, suggest that diffusion is not 
important in the series of polymers studied. 
A general reaction mechanism (a modified version of that 
originally suggested by Weir(39)) is presented in (64) to summarize 
the important reactions and preferred pathways for the para-substituted 





































4.8 Suggestions for Future Work 
This study on the vacuum photolysis of para-substituted 
styrene polymers has provided a considerable amount of information 
on their mechanisms of degradation. 
There is however, other experimental data which should be 
obtained in order to provide a more comprehensive understanding into 
the nature of the photochemical reactions occurring in these styrene 
polymers. 
In particular, fluorescence spectra obtained at lower 
temperatures (i.e., 77 K) can provide further insight into changes in 
the eximer prior to and during irradiation. Low temperature studies 
may also reveal carbonyl fluorescence or phosphorescence (associated 
with the carbonyl group in PVAP) which, when monitored as a function 
of exposure time, may reflect its participation in the formation of 
crosslinks. 
As previously noted, the infrared spectra of polymer 
films following irradiation did not exhibit any major changes. This 
is not unexpected however, since the bulk of the polymer film would 
mask any changes occurring within the surface layers. A more detailed 
infrared spectra of the degraded polymer may be obtained by using 
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the technique of attenuated total internal reflectance (A.T.I.R.). 
This method essentially records the infrared spectra of the surface 
layers and may provide a greater examination of changes occurring 
in the macromolecular structure during irradiation. 
The data obtained from the investigation into the 
possibility of diffusion controlled reactions is not conclusive 
evidence against this process. A more detailed study would be 
required in order to make a more definite conclusion. In particular, 
volatile products should be monitored as a function of film thickness 
after receiving dose of ultraviolet radiation. 
Photooxidation should be performed on the series of 
polymers in order to evaluate the short and long term stability in 
typical environmental applications as well as to observe how the 
mechanism of photooxidation differs from that presented in this 
thesis. 
177 
Table 4.1 - Electronic Factors (Hammet a-constants (63)) for the 
Para-substituents, Relative Hydrogen Yield and Relative 
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♦ AND G.J.LIEBERNAN, ENGINERING STATISTICS, PRFNTICE HALL, N.J, » 
k fPERC- IS THE CONFIDENCE INTERVAL k 
k AXA- IS THE CONST AMT •k 
♦ AC- IS THE CONSTANT 'A* k 
♦ NN- IS THE NUMBER OF DILUTIONS MADE DURING E ¥P FP I VF N T A TI C N *■ 
♦ AKK- IS THE VISCDMETFR CONSTANT * 
k ROSOLV- IS THE SCiLVENT DENSITY * 
♦ RCFCLV- IS THF POLYMER DENSITY k 
♦ TS- IS THE EFFLUX TIME OF PURE SOLVENT k 
k T- IS TMF E-FUJX TIME OF THE POLYMEP-SDLVFNT Sv$TF« k 
k WEIGHT- IS THF POLYMER WEIGHT IN GRAMS k 
♦ CC- IS AN ARRAY OE WHICH THE FIRST ELEMENT IS THE INITIAL S0LV=-NT * 
♦ VOLUME IN MLS. i THE REMAINDER OF ELEMENTS LIST THE SOLVENT VOLUME * 
k ADDED AT EVERY DILUTION k 
♦ k 
♦ NCTES : k 
♦ n DATA INPUT MUST g£ CORRECTLY FORMATTED k 
♦ 2) I*^ A NEGATIVE NUM3ER IS INPUT FOR THF CONSTANT AKA. THE PROGRAM DOFS k 
k NOT CALCULATE THE MOLECU.AR WEIGHT k 
♦ OJ IF A NEGATIVE NUM3ER IS I NHIJ r FOR TH^ CONSTANT AKK, DATA IS OUTPUT k 
♦ WITHOUT DENSITY AND KINETIC ENERGY CORRECTIONS * 
INPUT =ORMAT I 
CARO « : 
1 - COL 3 ; 
2 - COL I ; 
3 - COL 1 ; 
c OL II : 
COL 21 ; 
COL 31 ; 
COL 41 ; 
COL 51 ; 
COL 62 ; 
4 - COL 1 ; 
COL 13 ; 
5 - COL 3 ; 
COL 4 ; 
COL 19 ; 
COL 34 ; 
6 - COL I ; 
COL p ; 
COL 17 ; 
COL 25 ; 
COL 33 ; 
7 - CCL 1 ; 
COL 11 ; 
COL 18 : 
COL 25 ; 
COL 3? 
« OF DAT A SETS (ID) 
A MAXIMUM 0= 50 CHARACTERS (800 
STUDENTS T OIST3I3UTION 
CONFIDENCE INTERVAL (COMMENCE IN COL 61 IF THIS IS A 
THREE DIGIT NUM5EH) 
CONSTANT *A• (JD) 
CONSTANT 'K* 
NUMHER OF EXPERIMENTAL OILUTICNS <ID) 
VISCOMETER CONSTANT (501 
SOLVENT DENSITY (GMS/Mt.) 
POLYMER DENSITY (GMS/ML) 
SOLVENT EFFLUX TIME (40) 
EXPERIMENTAL POLYMER-SOLVENT EFFLUX TIMFS (40) 
WEIGH! OF THU HQLYMER 1^1 CMS (50) 
VOLUME 0= SOLVENT AOOEO (NIT(ALLY IN MLS. 
VOLUME 0= SOLVENT AOOFO OR A DILUTION. IN MLS 












































































































> I . I I t 1 ( i ■ ■•) . A t I I o J . < ( 1 1 ( I ' ) . V <' • 'I / 
I w r ri (1 o oi. ). 1. (I'.ni it (t ooo ), c C ( i ou j ) 
rn/ioAr T; I;<. HO 11 iLf: 
63 prAOis.nojMN 
«0 rr^VAf(T1J 
on 1 t t .MN 
PPAfMS.SO) TITL»^ 
*t9I»'’(6,59) TITir 
60 K.'>R«A4T1 4 «0 ) 
«9 rCP*»4T ( • 1 • t AHO ) 
fr AfJ( 5 ,-» ) ( AN! ( K 1 .K si .6 ) , IPLRC 
2 FOPMATI or 1 O , », I 1) 
f.'FAT (5,0 I ) AC . AK4 
61 Fnr?MAT(c |0. 4,r 1 0.3 ) 
62 PFAn(5.H>tgN,AKK.PnsOLV, RU20LY 
8 rrRMATl 13 ,3Fl 5,0) 
IF( NS ,L" , I )r,n rn if 3 
PFArtS,-»)T5,(T( I).Is],NN) 
9 FCr.VAT(| OFH.3 ) 
PFAO( S,99)VIF 1 GHT, t CCt I 1 ,1=1 ,SN) 
99 FCPM4T(FI0.7,10F7.4» 










nc 7 M = 1 ,NN 
IF ( AKK.LT. 0.0 )r,0Tn4 44 
V0LPnu = v»F IGHT /HOPOL Y 
W5SnL< »») =VC)LSOl.(M) 4R3S0LV 
ROSPL C( 9 ) = ( wH IGHT-f WESOLI M) ) / t VOUPOL ♦V OL 50L ( M 1 ) 
V(M) = P05 0LJ(M )4T(M)*( 1.0»A<K/T{M)4*2)/( (PnSOL V4 ▼•=*X(M))*(1 .O-AKK/T 
1S**P1)-l.OXX(M) 
444 IF(AKK.LT,0,P)Y(M)-(T(8)-TS)/(TS*X( 8) > 
SU VX =SU9X-*-X ( M ) 
SUYV = SU9V+Y < F) 
SUMXy = S'JMXVFX(9 )*Y(M) 
SOMXO=5'>MXO-*-X (M )4X (Ml 
7 CONTTNUH 
19 FCRMAT(///.1X,• LIST OF MEASURES •,/! 
IF( AKK .LT.O .0 )G0T0666 • 
WPITF (6,667 )TS . 
















QMI NsQMI N«- ( YI -Y(M ) )**2 
XO= XQ4( X (M )-XMEr>) **2 
*»RITE<6,20)M, T(M),X(M),Y(M).Yl 
20 FORMAT! I X.I2,2X,» TI ME ( SE C ) =‘ ." 7,2.2X , • X ( G/OL )= • . F7.4,2 X , ‘ YS'.FT 
I .4.2X. • Y1*»,F7.4,/) 
30 CCNTINUE 
SYX=50RT(QMfN/(C-P.0)> 
ALIXBsAMKNI )4(SVX/S09T{>;3 ) ) 
ALl YAsANKNI ) *SYX*S0RT( I . 0/C4XMEO* 42/XQ ) 
WRITE(6. 21 ) SYX 
21 F0rMAT(//,* STANDARD DEV IAT I0N=*,F7.4) 
WRITF(6.391IPERC 
39 FORMAT!///,• CONFIDENCE INTERVAL =‘.13) 
)»PTTC(6,5)A»ALIMA 
5 FORMAT!//,• INTERCEPT!=1NTRINSIC VT5COSITY>=•,F6.3»3H ♦-,F6.4.//1 
WRITF16,69)8,ALIMB 
69 FOPMATdX,' SLOPES* ,Fl 0 .4,3H 4—,El0.4,/) 
BM AX=Rf 4L IMB 
BMlN=0-ALlMn 
AMAX=A44LIMA 
AM INS A-AL IM A 
PKVAX = 8MAX/AM TN442 
PKMIN = 8MIN/AMA X«4 2 
WO|TE!6,233)"K,PKMAX,PKMIN 
233 FORMAT!/,* HUGGINS CONSTANT=•,F7.4,2X,* MAX=•.F7,4,2X,* MINa*,F7, 
1 4 1 











AM I =FXP! PA * AI.M ) 
)nPTTR!6 ,79) AC .AKA 
79 FORMAT!//, I X, * As, ,£ 10,4,4X , * K = • ,E1 0.4,///) 
WHIT = !6,6 >A M, AMA, AM I 
X FnOMATdX.* AVFRAGE MOL WE IGHT = * ,EIO,4,2X,* MAX=• ,£(O.4t2X , • MIN=* 
1 .FIO.O./IHO ) 




^ O ■» ) % ^ 
no toon 
OOAOOO 




O V 01 0 
f»t /nci- 
0 1 *0.0n 
0 1 A O (’ o 
Cl 50to 
0 I 60()O 
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5.2 Appendix B 
The values of k and a for poly(vinyl acetophenone) were 
not listed in conventional tables and therefore had to be determined 
experimentally. 
Since two different molecular weight samples of the polymer 
were originally prepared, it was a matter of obtaining values of in- 
trinsic ciscosity for each sample and calculating the constants on the 
basis of the Mark-Houwink equation(48): 
{n> = k-M“ 
where: {n} is 
_ lim 
c^ 
the intrinsic viscosity 
C'lsp/cl 
rigp is the specific viscosity 
= (ts-to)/to 
ts is the efflux time for solution 
to is the efflux time for pure 
solvent 
c is the concentration in units 
of weight fraction 
M is the molecular weight 
k and a are constants which depend 
on the solvent, polymer and 
temperature. 
181 
From the data obtained: 
M.Wt. {TI} 







(nig = k-M2“ 
k = {n}2/k-M2“ 
{nli/lnlg = (MI/M2)“ 
c = M,/M2 = 0.55 
d = {n}^/{nl2 = 0.66 








by substituting a into equation (1): k = 2.79 x 10* . 
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5.3 Appendix C 
Values of intrinsic viscosity and corresponding molecular 
weights (by light scattering) for poly(p-fluorostyrene) have been 
reported by Baysal et al.(65): 
M.Wt. {TI} 
Sample 1 6.90 x 10^ 0.20 
Sample 2 1.20 x 10^ 0.28 
As with poly(vinylacetophenone), constants k and a were 
calculated using the Mark-Houwink equation(48); 
Using: 
where: 
M = k-M"* 
c = M^/M2 = 0.58 
d = {n}^/{n}2 = 0.71 







by substituting a into equation (1): k = 1.79 x 10’. 
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